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This investigation was undertaken to find the optimum hydraulic fluids and
materials for combating cavitation erosion in hydraulic mining machinery
operating,on 5:95 oil-in-water emulsions, Controlled cavitation was generated
in the laboratory in a vibratory cavitation apparatus employing the stationery
specimen system. The influence of separation distance between the drill tip
and specimen and of varying medium temperature on cavitation erosion were also
investigated but were of secondary importance to the studies on materials and
emulsions,
The evaluation of the influence of a number of commercial metal cutting
coolants and specific hydraulic emulsions oncavitation erosion,showed that those
emulsions with a high mineral oil content suppress erosion the most, This
phenomenon is considered to be either the result of a reduction in nucleation
of highly damaging surface cavities due to the elimination of surface nuclei
by an oil film, or to damping of cavity collapse due to the high dissolved gas
content of oil-in-water emulsions,
A large number of commercial grade alloys and polymers have been investigated,
The alloys ranged from single phase, face centered cubic nickel alloys to
complex, multi-phase, cobalt based alloys while the polymeric materials were all
linear and crystalline. The modes of erosion and mechanisms of erosion
resistance were studied in detail by optical microscopy, scanning and transmission
electron microscopy and X-ray diffractometry. The fractographic studies on the
alloys revealed, in particular, the role played by second phase particles and
other surface features such as protruding grain boundaries and surface steps
created by dislocation movement, twinning and phase transformations, Furthermore,
X-ray diffractometry coupled with theoretical considerations and the findings of
previous investigations indicated the fundamental importance of phase transitions
in contributing towards the erosion resistance of alloys,
Cobalt based Stellite alloys, nickel based cemented carbides and the
intermetallic alloy NiTi have exceptionally high erosion resistance, The
Stellites have a high yield stress and also undergo an awe phase transition which
results in a high work hardening rate and high strain to fracture, NiTi similarly
undergoes a phase transformation which allows absorption of seven per cent
reversible strain and also results in a high work hardening rate. The erosion
resistance of nickel based tungsten carbides is, in turn, attributable to the











Ultra high molecular weight polyethylene and nylons have relatively
high erosion resistances, Their exceptional performances are due to a
high strain to fracture and high yield strength respectively. On the
other hand low tensile strength polytetrafluoroethylene has a very poor
resistance to erosion.
This work has identified various material properties which are
required for erosion resistance, These are : (a) a high yield stress,












I wish to thank all those who assisted me in the research work reported
in this thesis,
In particular I am very grateful to Professor A Ball for his help during
the research project.
I am also very grateful to Gay Perez for her invaluable assistance. I also
wish to thank Mr N Dreze and Mr B Greeves for their advice and help with
the construction of the equipment and photographic work respectively,
I am thankful to Dr Semmelink and Mr M Sketch of the Central Acoustics
Laboratory, University of Cape Town, for their assistance throughout
my research,
The financial support of The Chamber of Mines of South Africa and the
co-operation of Sandvik AB of Sweden and Deloro Stellite of England, in












I wish to thank all those who assisted me in the research work reported
in this thesis,
In particular I am very grateful to Professor A Ball for his help during
the research project,
I am also very grateful to Gay Perez for her invaluable assistance, I also
wish to thank Mr N Dreze and Mr B Greeves for their advice and help with
the construction of the equipment and photographic work respectively,
I am thankful to Dr Semmelink and Mr M Sketch of the Central Acoustics
Laboratory, University of Cape Town, for their assistance throughout
my research,
The financial support of The Chamber of Mines of South Africa and the
co-operation of Sandvik AB of Sweden and Deloro Stellite of England, in









































LIST OF SYMBOLS iv
CHAPTER ONE GENERAL INTRODUCTION 1
CHAPTER TWO THE THEORY OF CAVITATION 5
2,1 Cavitation Nuclei, Cavity Growth and Collapse 5
2,2 The Effect of Various Fluid Parameters on Cavity Collapse 8
2.2,1 Compressibility of the Fluid 8
2,2.2 Liquid Vapour Pressure 8
2.2,3 Viscosity 9
2.2,4 Surface Tension 9
2,2.5 Temperature of Cavitating Fluid 9
2.2.6 Free and Dissolved Gas Content 9
CHAPTER THREE MATERIALS AND CAVITATION EROSION - A REVIEW 11
3,1 Evaluation of Materials - Past Research 11
3,2 The Prediction of Material Performance 12
3.3 The Microstructural Approach to the Erosion of Materials 14
3,3,1 The Search for the Mechanism of Cavitation Erosion 14
3,3,2 Modes of Erosion of Materials 16
3,3,2.1 Pure Metals 16
3,3,2.2 Copper and Nickel Based Alloys 17
3.3.2,3 Aluminium Alloys 17
3.3,2,4 Ferrous Alloys 18
3,3.2.5 Cobalt Alloys 19
3.3.2,6 Polymers 20
CHAPTER FOUR EXPERIMENTAL APPARATUS AND TECHNIQUES 21
4.1 Vibratory Cavitation Equipment 21
4,1,1 Ultrasonic Drill Rigs 21
4.1,2 Measurement of Vibratory Amplitude 25
4,1.3 Frequency Measurement 25
4.1.4 Temperature Control System 26
4,2 Specimen Preparation 26
4.3 Cavitation Test Procedure 27












CHAPTER FIVE THE INFLUENCE OF VARYING SEPARATION DISTANCE AND
BULK TEMPERATURE OF THE TEST MEDIUM 29
5.1 Results and Discussion 29
5,1.1 The Effect of Varying Separation Distance 29
5,1,2 The Effect of Varying Bulk Temperature 31
5,2 Conclusions 33
CHAPTER SIX EVALUATION OF OIL-WATER EMULSIONS 34
6,1 Results and Discussion 35
6,1,1 Emulsion Property - Cavitation Erosion Relationships 38
6.1,2 The Effect of Mineral Oil Content and Oil-Droplet
Size on Emulsion Performance 39
6,2 Conclusions 46
CHAPTER SEVEN EVALUATION OF MATERIALS 48
7,1 Results and Discussion 48
7,1,1 Low Alloy Steels 56
7,1.2 Stainless Steels 60
7,1,2,1 Martensitic Stainless Steels 60
7.1,2.2 Austenitic Stainless Steels 62
7,1.2,3 Ferritic Stainless Steels 71
7,1.3 Cast Irons 76
7,1,4 Nickel Based Alloys 78
7.1,5 Cemented Carbides 83
7,1.6 Stellites 95
7,1.7 Polymers 108
7,2 General Consideration of Erosion Resistant Materials 119
7,3 Conclusions - Specifications for the Optimum Material 125



















As operational pressures are increased in hydraulic systems the design
engineer is confronted with cavitation erosion as a serious limitation,
Fig, 1,1, taken from reference 1, summarizes the various engineering aspects
of this problem as seen by the designer, The design and materials selection
process is based on fundamental research and screening (evaluative) tests. At
this stage no satisfactory model cavitation test has been developed although
there have been attempts to do so in the past (2), For existing systems
cavitation erosion problems can be reduced by protection methods, operational
limitations and, if very serious, by redesign, Most research done on the
problem of cavitation erosion has been on the fundamental processes of cavity
growth and collapse, environmental influences, mechanisms of erosion and on
evaluation of the erosion resistances of materials. The findings of these
investigations are summarized in a number of comprehensive review articles .
(Refs.1.3 to 8)
In recent years considerable effort has been concentrated on developing
machines for use in the South African gold mines, to increase the efficiency of
the industry (9), The confined working areas at the ore face (stope width of
about 1 metre) and the very high rock strengths have required the development of
a number of unique hydraulically powered machines, High costs and the pollution
associated with pipe bursts preclude the use of conventional mineral oils as
the hydraulic fluid and the only viable alternatives are water based fluids, such
as dilute five per cent oil-in-water emulsions,
Although there are a number of advantages of using emulsions, such as
lower compressibility which results in greater machine stiffness, there are also
several disadvantages (10), The most serious of these is the increase in
cavitation erosion of hydraulic system components, The efficiency of hydraulic
machines operating on water based fluids is very dependent on small tolerances
and thus cavitation erosion of pump components, such as, valves, impellers and
casings severly limits the trouble free operating time of hydraulic mining
machinery. Moreover damaged components (see Fig, 1.2) need to be replaced and
because of the adverse conditions in the stope areas repair work is both
difficult and time consuming, The net result is considerable down-time of
machines,
Although a number of cavitation related problems in machines developed for
gold mining have been reduced by design changes and improved materials selection
(11), the operating times to failure of hydraulic system components, particularly




















programme. It is difficult to eliminate cavitation in fluid powered machinery
and since the cause cannot be removed the effect must be minimised by the use
of the optimum hydraulic fluids and materials. This study was, therefore
undertaken to evaluate a range of alloys and polymers for erosion resistance
and to compare the effects of various dilute oil-in-water emulsions on
cavitation erosion.
With regard to the dilute emulsions it has been known for some time that
commercial metal cutting coolants are also excellent hydraulic fluids (10). As
dilute emulsions assumed greater importance in this new role, several oil
companies developed specific emulsions for use as hydraulic fluids which include
a number of fully synthetic formulations (as opposed to emulsifiable oils based
on mineral oil). A range of commercial emulsifiable oils was evaluated in this
study to determine which emulsion or group of emulsions suppressed cavitation the
most and also to gain an understanding of the mechanisms responsible for any
reduction in cavitation damage.
Fig. 1.2 Cavitation Erosion Damage on an Hydraulic System Control Valve
(Courtesy of The Chamber of Mines of South Africa).
A number of previous investigations have attempted to develop a means of
predicting the performance of materials when exposed to an erosive environment and
these are discussed in more detail later. The most convenient criteria for
predicting erosion resistance are the readily available mechanical properties
of materials,but as yet no reliable predicting property or combination of properties











materials, but if a large range of materials is considered there is no single
property or combination of properties which relates directly or otherwise to
erosion resistance. More recently investigators (6, 8, 12) have realised that
erosion is controlled by material microstructure and not necessarily by bulk
mechanical properties.
Therefore the emphasis in the present work has been on further developing
the present understanding of the microstructural control of erosion resistance.
The findings obtained from erosion tests, fractographic studies and structural
studies have provided a sound basis for material selection and also serve as a
guide for the improvement of existing materials and for the development of more
erosion resistant materials.
In this dissertation the fundamental concepts of cavity dynamics and the
existing knowledge on the erosion of materials by cavitation are reviewed. The
equipment and experimental techniques employed in this work are described. The
results of the vibratory cavitation tests and of the fractographic and structural
studies are presented and discussed. On the basis of the findings of the work














Cavitation is a liquid phenomenon and, in general, embraces any process
involving appearance and disappearance of cavities in a liquid. The present
study is mainly concerned with the unstable growth and collapse of gas bubbles
in a variable pressure field. This pressure field may be generated in either
a flow system, for example, hydraulic machinery,or in a vibrating system, for
example, a diesel engine.
The phenomenon of cavitation transforms the relatively low energy density
of a pressure field into the high energy density characteristic of the
neighbourhood and interior of a collapsing cavity. Since it concentrates
energy into very small volumes, cavitation is able to produce effects such as
the erosion of solids.
A detailed discussion on the dynamics of cavities is beyond the scope of
this thesis and this chapter, therefore, simply covers some fundamental concepts
of cavitation dynamics. Also the influence of various fluid parameters on
cavitation erosion is briefly discussed.
2.1 CAVITATION NUCLEI, CAVITY GROWTH AND COLLAPSE 
When cavities form in a liquid, localized rupturing occurs in the fluid
body. This occurs when the liquid is subjected to a tensile stress which should
be equal to the theoretical tensile strength of the liquid. In practice, however,
cavities form at stresses well below the theoretical strength, generally
corresponding to a pressure approximately equal to the vapour pressure of the
liquid (13). This anomaly is due to the presence of nuclei in ordinary liquids
which serve as initiating sites for rupture.
The simplest form of cavitation nucleus is a free gas bubble. But a free
gas bubble in theory is not a stable nucleus since either gas diffuses into the
bubble causing it to rise to the surface and vent,or surface tension forces
cause gas to diffuse out of the liquid with the result that the nucleus decreases
in size and eventually disappears. However, stable nuclei do exist and various
forms of such nuclei have been proposed (14,15,16) :
(a) gas pocket in a crevice
(b) gas bubble with an organic skin
(c) hydrophobic impurities.
Unstable cavity growth occurs when a fluid body containing a nucleus is
subjected to a reduction in pressure. The approximate conditions for growth can











nucleus. At equilibrium the partial pressures of the gas (P g ) and vapour (P
v
)
within the nucleus must be balanced by the ambient pressure (P a ) and surface-
tension pressure (2S/R) at the nucleus-liquid interface. Thus :
This equation is plotted in Fig. 2.1 for two nucleus sizes, the upper curve
being for the larger nucleus. The pressure adjacent to the bubble has a
minimum value which is below the vapour pressure of the liquid. As long as
the ambient pressure is above this minimum, the nucleus is stable and tends
to reach an equilibrium radius corresponding to the ambient pressure. If,
however, the pressure drops below the critical value, the bubble becomes unstable
and grows without bound. Note that for a smaller nucleus size lower pressures
are required. Since nuclei of different sizes undergo unstable growth at











Fig. 2.1 Plots of the Conditions for Static Equilibrium of Cavitation Bubble
Nuclei. The Upper Curve is for a Bubble with a Larger Radius.
Cavity collapse occurs when the ambient pressure in a cavitation zone increases
again to more than the pressure within the cavities. Rayleigh (17)derived an
equation for the pressures developed in the liquid adjacent to a collapsing
cavity. He considered the ideal case of a spherical cavity, without gaseous
contents in a static, non-viscous and incompressible liquid and obtained the
approximate equation :
Since the cavity is assumed to be empty this equation yields infinite P max
for 11-).0. But, in the practical, non ideal case, the cavity contains non-condensable
gas which limits the collapse pressures to a finite value.
Considerable effort has been made over the years since Rayleigh's analysis
of cavity collapse to refine the equations describing cavitation processes.
The findings of the various numerical analyses are reviewed by Knapp, Daily and











Using equation 2.4 Rayleigh estimated that near complete collapse,
that is, when the cavity radius is 1/20 of the initial, maximum radius,
P
max 
would be approximately 130MPa (assuming P latm -0,1MPa). More recent
estimates of the collapse pressure, in which allowances were made for the cavity
contents and liquid compressibility, range from 20MPa to 400MPa (18). Other
investigators have obtained collapse pressure in excess of 1000MPa by a
photoelasticity technique (20),a transducer technique (21)and by a pressure bar
technique (22). But despite these findings probably the best indication yet of
the stresses produced by cavitation is the fact that high strength alloys of
yield stress of about 1000MPa are damaged by cavitation which means that collapse
pressures at the material surface must be higher than 1000MPa. Furthermore
Hickling and Plesset (23)showed by numerical analysis that the pressure wave,
emitted by a cavity, is attenuated as a function of 1/R. Therefore the
collapse centre must be within one cavity diameter of a solid boundary to have
any effect on this surface.
2.2 EFFECTS OF VARIOUS FLUID PARAMETERS ON CAVITY COLLAPSE 
A number of fluid parameters influence cavitation processes including fluid
compressibility, liquid vapour pressure, viscosity, surface tension, temperature
of fluid and free and dissolved gas contents. The effects of these parameters on
cavity growth and collapse are discussed briefly in the following section.
2.2.1 Compressibility of the Fluid 
Rayleigh in his analysis of cavity collapse ignored the effect of liquid
compressibility. This parameter has an important influence on cavity collapse
but it is also very difficult to treat mathematically. In qualitative terms,
however, this property results in the storage of collapse energy in the bulk of
the liquid and thus the greater the liquid compressibility, the lower the erosion
rate.
2.2.2 Liquid Vapour Pressure 
An increase in liquid vapour pressure results in an increase in cavitation
since the pressure of gas within a nucleus will be higher and therefore the
liquid pressure reduction (tension) required to initiate cavity growth is
smaller, that is, cavitation occurs at higher ambient pressure. As far as
cavity collapse is concerned the effect of a high vapour pressure is probably
not as significant as that of the presence of non-condensable gas. This is











growth and the little vapour formed would have a negligible effect on the
subsequent collapse process (at 20°C).
2.2.3 Viscosity 
The influence of viscosity is small compared with that of compressibility
and gas content and only large variations in this parameter have a significant
effect on cavitation. Moreover the action of viscosity is dependent not only
on the specific viscosity but also on the rate of shear. Therefore viscous
effects are greatest during the early stages of growth and final stages of
collapse when the wall velocity is high. Poritsky (24) studied the
influence of viscosity and he found appreciable effects of this parameter in
retarding both growth and collapse but only for liquids with high viscosity
values (that is, much higher than water, p = lcst).
2.2.4 Surface Tension 
Surface tension forces act in one way only, that is, to close any cavities
formed in a liquid. Hence during the growth cycle the wall velocity will be
reduced while during collapse the velocity will be high for large surface tension
forces. Also surface tension forces tend to reduce the maximum size of cavities.
The effect of this parameter is greatest for small cavities.
2.2.5 Temperature of Cavitatinq Fluid 
The influence of temperature is well known although not completely understood.
Temperature effects in vibratory cavitation have been widely studied and, in





C for constant atmospheric pressure ( 25 , 26 , 27 , 28 ). The explanation
for the reduction in erosion at temperatures above 50
°
C is generally accepted
as being due to the increased vapour pressure of the test liquid. At low
temperatures the decrease in erosion has been attributed to an increase in
dissolved gas content.
2.2.6 Free and Dissolved Gas Content 
The gas content of a liquid can have either an adverse effect or a beneficial
effect on cavitation processes. On the one hand, a high free gas content may
increase the concentration of free gas bubble nuclei and thus enhance cavitation,











diffusion* which results in the growth of subcritical nuclei to the critical
size necessary for unstable, vaporous cavity growth. On the other hand
compression of non-condensable gas within a cavity during the collapse cycle,
results in damping of the collapse pressure. Part of the collapse energy is
used up in compressing the gaseous contents of the cavity and part in raising its
temperature, thus the energy available for erosion is reduced and the mechanical
attack of adjacent materials is less severe.
* Rectified diffusion is a process whereby the gas content of stable,
pulsating bubbles, in an acoustic field of sufficient pressure, slowly increases
(further discussed in Chapter 6). Gaseous cavitation is simply the transport
of gas across a liquid/bubble interface in an over-saturated liquid, which












MATERIALS AND CAVITATION EROSION - A REVIEW
The problem of erosion of machine components by cavitation can be reduced
in three ways: by redesign, by limiting machine operating parameters such as
capacity, power and speed or by selection of the optimum materials for affected
components. Considerable effort has been expended on the problem of erosion of
materials and in finding a suitable means of predicting material life in practical
circumstances.
This chapter reviews research carried out in an attempt to alleviate these
problems. Efforts to correlate mechanical properties. with erosion resistance as
well as the attempts to develop erosion predicting equations are discussed. Also
the findings of the more recent studies on the microstructural aspects of erosion
of various metals and alloys are described.
3.1 EVALUATION OF MATERIALS - PAST RESEARCH
Erosion of materials by cavitation was first identified and investigated by
W. Wagenbach. The erosion occurred in a turbine in a hydroelectric works,and
Wagenbach recorded the findings of his investigation in an article published in
1907 (29). The earliest comparative cavitation erosion tests were carried out in
the 1920's. The test materials were attached to a turbine runner in a power
plant and left for 3i years prior to removal and inspection. The long time
intervals involved,and also the number of variables in a power plant turbine,
made this method of materials testing unsatisfactory. However, the advent of
accelerated cavitation testing systems,viz. the venturi system, the rotating disc
device and the vibratory device have made extensive laboratory investigations
possible.
Two such studies were carried out between 1934 and 1936 by J.M. Mousson (30)and
S. Logan Kerr (31). These two investigators tested most of the materials available
at that time which were suitable for use in hydraulic machinery. These studies
involved comparative erosion tests, and attempted to identify simple correlations
between erosion resistance and conventional mechanical properties. Later
Rheingans (32) carried out further screening(evaluative)tests on materials
including the first on polymeric overlays. He also looked into the correlation
between hardness and erosion resistance.
In the ensuing 30 years, numerous investigations were undertaken. These include
contributions by Garcia and Mammit(33), Young and Johnston (34),Lichtman (35),
Gould (36),Hobbs and Laird (37,38) and Vaidya and Preece (39). Many of these











studies into the effect of material properties and combinations of properties
on erosion resistance. In the most recent investigations (36 , 39 , 40 ) the
modes of deformation and of material removal from metals and alloys were studied,
mainly, by means of scanning electron microscopy.
3.2 THE PREDICTION OF MATERIAL PERFORMANCE 
In practice the design engineer requires some parameter which he can use
to specify materials for components of systems prone to cavitation erosion.
Therefore considerable effort has been made to find a correlation between a
material property or a combination of material properties and erosion resistance.
In general good correlations are obtained for alloys with a common base metal
and, of the simple mechanical properties, the best correlations have been found
with hardness, yield strength and tensile strength (32,37,38). However erosion
resistance - mechanical property relationships for a wide variety of alloys
were always found to be poor.
Several investigators have proposed various energy based parameters as erosion
resistance controlling properties such as Hobbs' ultimate resilience (UR) (41)
and strain energy to fracture (SE) (421. Ultimate resilience approximately
represents the elastic energy absorbed up to fracture in tension if failure is in
the brittle mode and is represented diagrammatically in Fig. 3.1 . Strain











Initially satisfactory correlations based on SE, were obtained by
Thiruvengadam (2, 42 ) and Hammit et al (43) for small groups of materials,
but, subsequently Hobbs (41), Wood et al (44) and Heymann (45) obtained very
poor correlations with SE. In contrast Hobbs' ultimate resilience has been used
as a correlating parameter in many comprehensive investigations involving data
from numerous facilities and covering a wide variety of alloys (41,45 > 46).
This property was proposed by Hobbs (41) when he noted that a material can absorb
energy through elastic deformation, plastic deformation and/or fracture.
Therefore he compared the proof resilience or elastic resilience {½}(øp )2/E},
ultimate resilience (½øu/E ) and strain energy to fracture {ø +2/3(ø -ø )}e
u p f
with erosion data for 28 alloys. The best fit was obtained with ultimate
resilience.
One limitation of this concept of ultimate resilience is the assumption that
all materials fail in a brittle manner. Hammit (7 ) claims this is consistent
with numerous metallographic examinations of cavitation damage. But in the present
investigation, and as will be pointed out later, most materials were found to
fail by a ductile mechanism!
The relation between combinations of properties and exponential functions
of properties and erosion resistance have also been investigated. Tichler et al
(47) found, for six copper-nickel alloys and six steels, an empirical relation
between resistance against uniform material removal (R e ) and the true ultimate
tensile strength of the form Re=Aøu
2.3 . Rao et al (43) found, for a small group
of alloys, good empirical agreement between erosion resistance and the product
of either strain energy or ultimate resilience and hardness.
Similar correlations have been obtained with polymeric materials. Lichtman
(35) found some agreement between erosion resistance and tensile strength and also
erosion resistance and rebound resilience (a measure of the energy reflection
and absorption on impact). Lichtman et al (49) found ultimate elongation to be
an important parameter from the performance of nylon in cavitation tests, In
addition a number of investigators have found relationships between drop impact
and cavitation erosion and the material parameters, shore hardness and notch
impact strength (50, 51).
In all relationships involving a wide variety of materials a high degree of
scatter is observed,and therefore, efforts to predict erosion resistance on the
basis of material properties alone have met with limited success. This has
prompted the development of several erosion prediction equations and models
which take into account both environmental and material parameters (2 , 45,
46). However the theories and equations developed,either remain to be confirmed












While investigators continue their efforts to find a reliable theoretical
or empirical model for predicting erosion of materials,a new approach, which
considers the problem more from the material microstructure point of view, has
gained momentum in recent years and is discussed in the following section.
3.3 THE MICROSTRUCTURAL APPROACH TO THE EROSION OF MATERIALS 
An engineering approach has been adopted in most investigations in the past
and few studies have been conducted on the role of material microstructure in
determining erosion modes and resistance mechanisms. Nevertheless the work done
so far has explained many of the apparent discrepancies in relationships between
erosion resistance and bulk mechanical properties. This materials science
approach has emphasized that a knowledge of microstructural behaviour is an
essential complement to a knowledge of the macro-response of materials. In the
following sections the research work done on erosion mechanisms is
discussed. This is followed by a review of the findings of investigations into the
modes of erosion of various materials. The majority of this latter work has been
carried out by Preece and coworkers.
3.3.1 The Search for the Mechanism of Cavitation Erosion
A number of theories on the mechanism of cavitation damage have been proposed,
namely, accelerated corrosion, localised melting and mechanical stressing.
Subsequent work (52 , 53 , 54 ) has shown that the mechanical stressing mechanism
is the predominant cause of damage. This mechanism involves, accumulation of
fatigue damage followed by work hardening and ultimately fracture. Atthough
corrosion has been shown to play a role in cavitation erosion (55 ), the corrosion
component depends very much on factors such as intensity of erosion, nature of
fluid and material corrosion resistance. For example, in vibratory cavitation,
corrosion plays a negligible part in the damage mechanism since the intensity
of erosion is high,but in flow cavitation,intensities are lower and hence corrosion
will play a greater part in the processes of material removal. As regards the
localized melting mechanism,Vyas and Preece (54) have observed dislocations by
TEM and surface slip lines in eroded aluminium, and therefore this mechanism
can be disregarded since these defects would be removed by surface temperatures
corresponding to the melting point of aluminium.
The mechanical stressing theory was proved in the 1960's by X-ray analysis of
eroded nickel, titanium, brass and AISI 4340 steel (52, 53).Lines in the X-ray
patterns became broadened after exposure to cavitation of only a few seconds
indicating the occurrence of plastic deformation. More resistant materials, such
as vanadium, molybdenum and tungsten also underwent plastic deformation except











required before plastic deformation was observed. The presence of plastic
deformation in the earliest stages of erosion led investigators to believe that
fatigue, work hardening and subsequent fracture was the mechanism of cavitation
erosion. However transmission electron microscopy (TEM) studies of aluminium
and 304 stainless steel after exposure to cavitation have revealed completely
different structures to those produced by rolling or fatigue. Cold rolling or
fatigue of aluminium produces a dislocation cell structure (56 , 57 ) while
cavitation, results in a structure similar to that produced by shock loading
(54, 581. The predominant microstructural features of the latter deformation
modes are a uniform array of heavily jogged dislocations with an associated high
density of point defect clusters and dislocation loops.
The fatigue of stainless steel produces a dislocation cell substructure (5g,
60) while shock loading (which is similar to cavitation loading) induces a
structure composed of twins and twin fault bundles with interspersed E and a l
martensite (61). The similarities in microstructure between that of shock
loaded stainless steel and that of eroded stainless steel was confirmed in the
present study. Erosion therefore does not occur by fatigue per se, and the
"fatigue like"striations on the eroded surfaces of Al-4%Cu and ferritic stainless
steels (62, 63) are the consequence of intermittent crack growth and arrest due











More recent fractographic studies on the erosion of a variety of materials
have revealed that the erosion modes of individual materials tend to be unique
(12 , 39 , 63 , 64 ). However, there are two principle modes of erosion,namely,
the ductile and brittle modes. Individual erosion modes are simply variations
of these two general modes of fracture which are represented by the fracture
surfaces in the micrographs in Fig. 3.2. Differences in crystal structure,
material microstructure and mechanisms of plastic deformation influence the
fracture mode and the existing knowledge on the modes of erosion of a number of
materials is reviewed in the following sections. The discussion considers the
erosion of pure metals, alloys and polymers. In some cases the mode of liquid
droplet impact erosion of materials is described (when the mode of cavitation
erosion has not been investigated). One can assume some similarity between
droplet impact and cavitation erosion since liquid microjets are known to occur
in cavitation (65, 66),
3.3.2 Modes of Erosion of Materials 
3.3.2.1 Pure Metals 
Several face centered cubic metals have been investigated including nickel
(52,64), aluminium (12, 64) and copper (64). These metals have a high stacking
fault energy (S.F.E,) which favours dislocation cross-slip and plastic flow
and thus these metals have a ductile mode of erosion. At an early stage grain
boundaries and slip lines are prominent but they play no part in the failure
mechanism. Massive surface deformation occurs and material is lost by rupture
of asperities and lips which build up at the edges of surface craters.
Body centered cubic metals differ from face centered cubic metals in that
they are highly strain rate sensitive. The cavitation erosion of pure iron has
been studied by a number of investigators (12, 40, 67). It has been found that
the strain rates in cavitation induce the ductile to brittle transition in this
metal. The fracture mode, therefore, is a combination of both ductile and
brittle modes. The ductile mode of fracture occurs by formation of twins,
delineation of grain boundaries and subsequent ductile loss of the
asperities at these surface defects. On the other hand the brittle mode of
fracture, which is the predominant mechanism occurs by cleavage nucleated at
grain boundaries and grain-twin boundary intersections.
Hexagonal close packed metals vary in their mode of erosion. For example
zinc fails in a brittle manner (12,52 ,67 ) while cobalt fails in a ductile
manner (67). Zinc is crystallographically anisotropic (axial ratio /a=1,856
cf. 1,633 for ideal close packing) and easy dislocation movement occurs only on











competition between these two fracture mechanisms results in zinc undergoing
a ductile to brittle transition which is sensitive to strain rate and temperature.
Thus on exposure to the high strain rates of cavitation the metal fails in
a brittle manner.
Cobalt, on the other hand, has an almost ideal c/a axial ratio. It
has a number of slip and twin systems (six of each) and when subjected to
cavitation is able to deform in a ductile manner. Preece et al (67) reported
that the steady state erosion rate after the incubation period of pure cobalt
is an order of magnitude lower than that of pure iron. These investigators
attribute this lower erosion rate to the fine network of twins, of 0,01 to
0,1um in width, which form on exposure to cavitation.
This completes the summary of the work done on erosion of pure metals. The
existing knowledge on the erosion of alloys both single and multi-phase will
now be considered.
3.3.2.2 Copper and Nickel Based Alloys 
High SFE,copper-nickel single phase alloys erode in a similar manner to
pure nickel and copper as described in the previous section (62). Copper-zinc
alloys have a different mode of erosion and this can be ascribed to the lower
SFE of these alloys ( 62 ) . The low SFE prevents recombination of
partials necessary for cross-slip and thus only planar slip occurs. This
results in less dislocation interaction and grain and twin boundaries are the
major barriers to dislocation movement. A dislocation pile-up at a grain or
twin boundary generates sufficient stress to overcome the shear stress required
for cross-slip. Thus multi-slip, necessary for surface distortion, occurs and
protrusions of material at grain and twin boundaries develop which are
subsequently lost by ductile rupture.
The mode of erosion of copper based aluminium bronzes has also been studied
(68). The annealed structure of these alloys consists of islands of primary
solid solution phase (a) enveloped by a +y 2 eutectic. Heat treatment, as in
steels, transforms the alloys to a martensitic type structure. These alloys
erode by preferential removal of the soft aphase followed by loss of y 2 particles.
The lowest erosion rates are obtained when the structure is martensitic with
the a phase finely distributed amongst the martensite laths.
3.3.2.3 Aluminium Alloys 
Vaidya and Preece (3g) investigated the modes of erosion of binary, and
quartenary aluminium alloys,namely Al-Cu, Al-Mg and Al-Zn-Mg-Cu. These alloys
provide an interesting example of how alloying elements, hardening mechanisms and
heat treatment can alter the erosion mechanism. In the early stages of











of pure FCC metals. In the 'soft', low solute content alloys (A1-1%Cu in
all conditions, A1-1%Mg as quenched and A1-2%Cu over-aged) the mechanism remains
identical to that of the pure,face centered cubic metals at all stages of the
erosion process. The asperities, formed at the edges of voids and craters,
are removed by ductile shearing of the metal.
The higher solute content alloys, A1-4%Cu in the as-quenched or peak-
hardened condition,fail in a completely different manner. After the initial
stage of surface deformation,material is removed by random brittle pit formation.
The failure mechanism of as-quenched or peak-hardened A1-2%Cu and over-aged
A1-4%Cu is a mixture of the above two mechanisms. As the strength of the alloy
increases the failure mechanism gradually becomes less ductile and more by random
pitting. Finally the A1-9%Mg and Al-Zn-Mg-Cu alloys lose material by undergoing
fine,ductile type failure with some fatigue-type deformation occurring at the
base of individual craters.Vaidya and Preece (39) explain the observed erosion
resistances of the Al-alloys as follows : The mode of material removal in the
Al-alloys is determined by the ability of each alloy to absorb cavitation energy
which, in turn, is a function of microstructure, The low solute content alloys
have high SFE's, low critical resolved shear stress and few impediments to
dislocation motion. Therefore dislocation generation and movement is unhindered
and is manifested by gross surface distortion and a low erosion resistance.
On the other hand the high solute content alloys have a relatively greater
density of dislocation sources in the form of fine 0 precipitates. The initiation
of slip of these dislocations absorbs some of the cavitation energy in the early
stages of erosion, but the high density of 8 phase particles restricts the mean
free path of these dislocations and thus only small plastic strains are possible.
This results in high stress concentrations and subsequent initiation of random
pits in the surface regions of these alloys.
3.3.2.4 Ferrous Alloys 
The erosion of carbon steels after a variety of heat treatments, namely,
normalising, quenching and tempering and spheroidizing has been studied by
Wade and Preece (40). The ferrite phase is always removed first followed by
loss of carbide particles when there is insufficient supporting ferrite matrix.
Thus the ferrite phase controls the erosion of steels and an improvement
in erosion resistance is only gained by changing the ferrite to martensite
(see Fig. 3.3).
Austenitic stainless steels,being low SFE, face centered cubic alloys erode
in a manner similar to that of the low SFE,Cu-Zn alloys as described above (69,
70,71). Material piled up at grain and twin boundaries is lost by ductile











have higher resistances than is expected from their strength properties
(72, 69) and this has been connected to the metastable nature of these alloys and
the ue+ø1 stress induced transformation. These alloys have been investigated
in the present study and the findings are discussed in detail in a later
chapter.
Fig. 3.3 The Erosion Curves of Various Steels (Ref. 40)
3.3.2.5 Cobalt Alloys 
The fracture mechanisms occurring in Stellite alloys are of interest since
these are amongst the most erosion resistant alloys available. The microstructures
of these alloys consist of various carbides embedded in a cobalt rich solid
solution matrix (73). An investigation by Marriott and Rowden (74) into the
drop impact erosion of Stellite 6B revealed that erosion occurs in four stages :
(a) Slip deformation and work hardening of the matrix (b) cracking at interfaces
between carbide particles and matrix phase (c) intrusion formation at slip lines
and (d) material removal by intersection of transgranular cracks and dislodging











subsurface carbides occurred in this alloy during cavitation erosion in liquid
sodium.
There is considerable controversy over the reasons for the exceptional
erosion resistance of Stellite alloys. It has been attributed to the absorption
of the erosion energy by the FCC-HCP phase transformation (76), to the planar
slip mode due to the low SFE of cobalt which delays fatigue crack nucleation (72),
the extremely fine microstructure as a result of twinning (8) and the high
strain energy to fracture of the HCP allotrope of cobalt (77). The erosion of
various Stellites has been investigated in the present study and the erosion
and resistance mechanisms are discussed more fully in a later chapter.
3.3.2.6 Polymers 
Most research conducted on cavitation or drop impact erosion of polymeric
materials has been on coatings or overlays on metal substrates. But a few
polymers such as polyethylene, polyvinyl chloride, various glass reinforced
laminates, styrene-acrylonitrile and nylon have been tested as structural materials
( 32,35,49,50,51 ). Also the majority of the work done on fracture mechanisms has
been on samples damaged by drop impact erosion (78, 79, 80). Hard, glassy
polymers like PMMA (Perspex) were found to fracture in a 'brittle' manner. While
erosion of 'soft' polymers and elastomers, such as, natural rubber, neoprene,
nylon and PVC occurred by,either a tearing mode,or a mixture of both brittle
and tearing fracture modes.
Chatten and Thiruvengadam (81) noted that the frequency of the applied stress
is of greater importance in viscoelastic materials than for metals. If the
unloading cycle is shorter than the relaxation time of the polymer, then it
fails in a brittle manner while at lower frequencies the cavitation is absorbed
in three ways : (a)elastically (b) partly dissipated or (c) is conducted away
as heat. Subsequently polymer failure occurs by tearing as a result of
accumulated strain.
Since the fracture mechanisms occurring during cavitation have not been
investigated it is unknown whether these mechanisms above apply to this form
of erosion. Furthermore, little is known about the influence of such polymer
parameters as crystallinity, molecular weight, cross linking, intermolecular
forces and chain geometry on the erosion modes and resistances. Again a number
of polymers were tested in the present work and the erosion modes investigated.












EXPERIMENTAL APPARATUS AND TECHNIQUES 
A number of systems have been developed for conducting accelerated cavitation
research. These include venturi systems, rotating disc devices and vibratory
systems. The venturi system, while simulating in service conditions of flow
induced cavitation, tends to be bulky and produces a low intensity of cavitation
which thus requires long test periods. The rotating disc device closely simulates
conditions in turbo-machines and pumps and produces higher rates of damage than
the venturi system. However, the flow pattern in this device tends to be very
complex compared with that of the venturi flow system. The vibratory device has
the advantage of being compact, easily set up, and it produces rapid results. Also
the intensity of erosion is easily controlled. This system has the disadvantage
that the mode of cavitation formation is representative of only those systems in
which the cavitation is produced by a vibrating surface (for example, diesel
engine cylinder liners). In spite of this the vibratory apparatus is one of the
most convenient methods of carrying out cavitation erosion research in the
laboratory and this system was chosen for the present research programme.
This chapter describes the design and development of the vibratory equipment,
the specimen preparation techniques and the method of conducting cavitation tests.
In addition the instruments used to examine cavitation damage in materials are
described.
4.1 VIBRATORY CAVITATION EQUIPMENT 
4.1.1 Ultrasonic Drill Rigs 
Two identical testing rigs were constructed using commercial ultrasonic
drilling machines. These drills were supplied by KLN Ultraschall Gesellschaft
of Germany. The high frequency generators of these KLN systems are able to supply
a total output signal of 300 watts in the frequency range 18,5 to 22 kHz. This
signal is converted to mechanical energy by Lead-Zirconate—Titanate ceramic
transducers clamped under compression onto the mechanical element of the drilling
system. The mechanical portion of the drill incorporates an exponential velocity
transformer or 'horn' fabricated from Monel 400 alloy which amplifies the
oscillations produced by the piezoelectric transducers by a factor of approximately
3,5 (see appendix 4.1).
It was decided to use the stationery specimen mounting method as adopted by
Preece (54,84 rather than the vibrating specimen as recommended by the ASTM
standard method G32-72. The latter is unsatisfactory for two reasons .-











stresses which can cause fatigue failure of the specimen. Also it is a
fundamental requirement of the test that the specimens experience only stresses
generated by the action of cavitation and not by any other means, (b) it is
impossible to test low strength polymers or brittle ceramic materials by this
method.
A rig was designed in which the specimen was mounted below the drill tip in
such a way as to allow easy removal and replacement of the test piece. The rig
consisted of a vertical drill stand mounted on slide bars permitting easy
vertical movement of the drill (see Fig. 4.1). A specimen mounting platform was
attached to the base of the drill stand. This was devised to allow the removal
(for weight loss measurement) and subsequent replacement of the specimen in a
constant position below the drill tip (Fig. 4.2(a)). Within the mounting platform,
the specimen was located in a recessed holder which was, in turn, positioned by
a slide assembly (see Fig. 4.2(b)).
Two different specimen geometries were used in this study : rectangular
(14mm x 5,5mm) test pieces in the oil-water emulsions work and 12mm diameter x
3mm thick discs in the materials investigation. In each case the specimens were
insulated from the metal holders by a PTFE lining in the recesses. Specimen
orientation was ensured, either, simply by the test piece shape (rectangular
specimen) being suitably marked,or by a locating pin in the recess for the disc
specimens. A complementary notch in the latter test piece ensured constant
orientation during a test.
In certain cases, for example, the cemented carbides, specimen geometry and
dimensions demanded modifications of these mounting systems. The cemented
carbide specimens were approximately 10mm in diameter by 5mm thick and therefore
were mounted by first clamping in a stainless steel collar which, in turn was
mounted in a holder having an insulated recess the same size as the collar.
The method of clamping the specimens in place varied with specimen geometry.
The rectangular specimens were clamped by separate side clamps while the disc
specimens were held down by a bar clamp having a tapered hole in the centre.
Again the test pieces were insulated from these clamps.
The separation distance between the drill tip and specimen was set by means
of a modified micrometer attached to one of the vertical slide bars. The distance
was set as follows : Firstly the drill tip was carefully lowered onto the
specimen and the 'height' of the lower cross-bar read off the micrometer. The
predetermined separation distance of 0,35mm was subtracted from this reading and






























The temperature of the drill horn was found to increase to approximately
80
°
C after one hour of running time,causing the horn to expand by 0,1 to 0,15mm.
Therefore the machines were warmed up for one and a half hours before each test
to ensure that the separation distance did not change thereafter. Furthermore,
the separation distance was checked after each hour and adjustments made if
necessary.
Tips for insertion into the end of the drill horns were fabricated from a
titanium alloy (Ti 318A). This material was found to be suitable as it had good
acoustic properties, a high erosion resistance and a low density. The last of
these properties being most important since the drills were designed to take only
a 2-3g end tool or tip (see appendix 4.1). This alloy, therefore, permitted a
reasonable tip size without changing the resonant frequency of the drill horn.
The tips were tightened in the horn with a torque wrench to 8N.m to prevent
the end thread of the horn from being damaged.
During the course of a test the tips were eroded and thus after each run the
tips were refaced. The small weight change caused by three of four facings was
insufficient to cause a significant change in vibratory amplitude. However, after
extensive erosion a slight reduction in amplitude did occur, in which case, either
the power setting was increased slightly or the tip was discarded.
4.1.2 Measurement of the Vibratory Amplitude 
The magnitude of the vibratory amplitude was calibrated by means of a
reflected light microscope with a graduated eyepiece. The microscope was fitted
onto the specimen mounting platform premanently to enable intermittent checks
of the amplitude to be carried out during the course of a test (see Fig. 4.1(a)).
The amplitude of the drill is kept constant by a compensating system built into
the generator. The voltage input to the transducer is automatically increased or
decreased as the load on the drill horn tip changes. Nevertheless it was necessary
to determine by some independent means that the amplitude did, in fact, remain
constant during a test.
The amplitude measurements were made on point sources of light reflecting off
facets on the tip. When the drill was in operation these point sources became
extended into lines which were then measured against the calibrated graticule of
the microscope eyepiece. The precision of this method was found to be within 
±3um of the amplitude selected for the cavitation tests.
4.1.3 Frequency Measurement 
The resonant frequency of the mechanical system of the ultrasonic drills was













C over a period of ±5 hours whilst monitoring the frequency. The individual
resonance frequencies of the two drills were found to be 20,4kHz and 20,7kHz
respectively and the maximum change during the five hours was 200 Hz. This is
caused by the temperature increase of the drill horn, which is compensated for
by the automatic frequency control.
4.1.4 Temperature Control System 
The temperature of the test medium was controlled at a predetermined temperature
during the course of a test. This was accomplished by circulating precooled or
heated water through a glass heat exchanger coil immersed in the test bath while
simultaneously agitating the contents of the bath with a magnetic stirrer.
The temperature of the circulating water was controlled in a twelve litre
reservoir by the complementary action of a thermoregulator and cooling coil.






4.2 SPECIMEN PREPARATION 
The project involved a study of the effects of equipment and test liquid
parameters on cavitation erosion and it was decided to use pure iron as a
standard material. This material, however, was only available in the form of
5mm diameter x 150mm rods and the method of preparing specimens of a standard
grain size was as follows :- the pure iron rod was cut into 3 sections 47mm,
47mm and 56mm and annealed in vacuo for one hour to remove the cold work from
swaging. These rod sections were, in turn, rolled down to a flat bar section,
2,2mm thick by 5,5mm wide and then cut into 14mm lengths. After a further vacuum
anneal at 650
°
C for one hour the specimens were pre-ground on 800 grit SiC
paper and finally polished with 3um and 1um diamond paste. This method of
preparation yielded a grain size of ASTM No. 4 which corresponds to an average
grain diameter of 90um.
For the materials evaluation tests the 12mm diameter by 3mm thick discs
were machined from sample rods. A notch was filed at a point on the circumference
using a simple jig and the specimens were given any necessary heat treatment.
The polishing procedure for the majority of materials was the same as that for
the pure iron specimens, that is, all test pieces were ground and then polished
to a 1um finish. The cemented carbides were too hard to pregrind and thus were











4.3 CAVITATION TEST PROCEDURE AND CONDITIONS 
The ultrasonic drills were warmed up for 1½ hours with a new or refaced tip
in the end of the drill horn and fresh liquid, either distilled water or an
oil-water emulsion, in the test bath at the required temperature. A pre-
polished specimen was weighed on a chemical balance accurate to ±0,1mg and then
mounted in the cavitation rig. After setting the separation distance with the
modified micrometer, the specimen was immersed in the test liquid and the drill
adjusted to resonance. After a suitable time interval, depending on the type
of material, the drill was stopped and the specimen removed. The test piece was
washed in alcohol, dried thoroughly and then re-weighed (in the oil-water
emulsions tests the specimens were also washed in ether to remove any residual
oil). The test piece was then replaced in the rig and the test restarted.
The test times varied from five to forty hours depending on the erosion
resistance of the material. In the short tests the specimens were weighed at
hourly intervals while in the longer tests weight loss checks were made at 2
or 5 hour intervals.
The conditions of testing varied according to the particular set of
experiments. In the case of the oil-water emulsions study, the following
conditions were employed :-
Amplitude 70um
Sep. distance 0,4mm




Material Pure Iron (grain size ASTM No.4), 1um  polish
Test time 5 hours
A separation distance of 0,4mm was used in these tests since at the
commencement of this part of the project the drills were not warmed up. In
fact the distance was set at 0,5mm at the start of a test but due to the
expansion of the horn during the first hour the gap decreased to 0,4mm and
remained so throughout the rest of the test run.
















4.4 TECHNIQUES OF STUDYING EROSION MECHANISMS, MICROSTRUCTURE AND
STRUCTURAL CHANGES
For all microstructural investigations of materials a Reichert "MeF2"
Universal Camera Microscope having a Normarski interference attachment was
used. Other facilities on the microscope employed in this work include steep-
oblique,bright ground,incident-light illumination (pseudo-relief) and dark ground,
incident-light illumination. Also the diamond pyramid micro hardness tester
was used to determine the hardnesses of different phases in certain materials.
The modes of erosion of materials were studied by means of a Cambridge S180
scanning electron microscope equipped with an energy dispersive analysis of
X-rays (EDAX) attachment. All specimens were gold-palladium coated prior to
examination to obtain the highest quality images possible.
A limited amount of transmission electron microscopy (TEM) was done on 304
stainless steel to investigate the stress induced phase transformation that
occurs during erosion of this material. Specimens were prepared from 0,25mm
sheet specimens which had been eroded for various times. 3mm disc samples were
taken from the eroded area and thinned from the non-eroded back surface since
the region of interest was the area immediately below the eroded surface.
Electropolishing was done in a Bainbridge unithin foil thinning unit.
This unit employs the jetting technique with alternating polarity and yields
foils with a central hole surrounded by electron transparent material. The
polishing conditions were 65 volts at room temperature in 80:20 acetic acid/
Perchloric acid electrolyte.
Thinning from one side only was accomplished by manually controlling the
polarity so that the back surface of the specimen was anodic for the majority
of the thinning time. Occasionally the polarity was reversed to obtain a light
polish on the eroded surface as well. The thin foils were examined in both a
Philips EM300 TEM at 100kV and a high voltage microscope at an accelerating
voltage of 200kV. Structural features were studied in the bright field mode
while selected area diffraction patterns were recorded for identification of
the various phases.
The crystallographic structures of materials and the occurrence of phase
transformations were studied by X-ray diffractometry. The instrument employed
for this study was a Philips X-ray generator with a parafocusing goniometer/
detector system. Cu-Ka radiation was used with a mono-chromator to eliminate













THE INFLUENCE OF VARYING SEPARATION DISTANCE 
AND BULK TEMPERATURE OF THE TEST MEDIUM 
Several equipment parameters and liquid properties affect the intensity of
vibratory cavitation erosion. Equipment parameters which affect erosion
include: the vibratory amplitude, frequency and the separation distance between
drill tip and test piece. The properties or states of the test fluid which
influence cavitation are: temperature, type of fluid, density, viscosity, gas
content, compressibility and presence of solid impurities. Of these various
parameters, the following were investigated in this study:
(
1
) drill tip to test piece separation distance, d
(ii) temperature of the test fluid
(iii) gas content
(iv) presence of solid impurities.
The effect of adding impurities to a test bath of (distilled water), such as,
suspended solids from a mine service water or pure kaolin,failed to produce any
significant change in the erosion rate of pure iron(compared with that in
distilled water.) Also aerating the fluid (that is, distilled water saturated
with air) during the course of a test did not affect the erosion rate of pure
iron compared with that in distilled water at equilibrium gas content. These
two parameters will not, therefore, be considered any further. The following
section presents and discusses the results of the work on the first two of the
abovementioned parameters,viz., the effects of separation distance and temperature
of the test fluid.
5.1 RESULTS AND DISCUSSION 
5.1.1 Effect of Varying Separation Distance 
The effect of this parameter was investigated by monitoring the erosion of
pure iron in distilled water as a function of the distance between drill tip and
specimen. The results of these tests are shown in Fig. 5.1. The graph indicates
that maximum erosion occurs when the distance between test piece and drill tip
is approximately 0,35mm (hence the 'standard' separation distance of 0,35mm used
in all subsequent work).
As mentioned in the previous chapter, the drill was warmed up for one and
a half hours prior to a cavitation test to ensure that the horn did not change











investigated this variable by measuring the stress beneath the vibrating tip
by means of a transducer technique and also by monitoring the weight loss of
aluminium samples as a function of separation distance. In contrast to the
above result they found a maximum in erosion (cumulative weight loss) for
d = 0,5mm. Singer and Harvey (28)also studied the influence of separation
distance for aluminium and copper and found maxima in erosion, as measured by
weight loss, at 0,89mm and 0,51 mm respective}y.
Fig. 5.1 The Effect of Separation Distance on the Erosion of Pure Iron
Vyas and Preece (21) interpreted the separation distance phenomenon as being
the result of two opposing effects: the pressure change in the liquid in the
cavitation zone is inversely related to the separation distance and since this
pressure change determines the intensity of cavitation, the stress measured by
the transducer increases for decreasing d. On the other hand for very small
separation distances, the number of nuclei decreases and also the volume of liquid
into which cavities can grow is reduced, thus the cavitation intensity decreases.











It is agreed that the decrease in erosion for 
d>dcrit 
is due to the decrease
in acoustic pressure amplitude. However, it is considered unlikely that a decrease
in the number of nuclei is responsible for the decrease in erosion for distances
less than 
dcrit. 
This is because nuclei of the order of 5um in size, which is
very much less than the minimum separation distance studied by Vyas and Preece,
can initiate vibratory cavitation (85). The separation distance would have to be
much less than 0,1 mm before the concentration of nuclei of critical size , in the
fluid between tip and specimen, was affected. On the other hand it is agreed
that a small separation distance will restrict the maximum size to which cavities
can grow, which in turn, results in a decrease in erosion.
In addition to these effects it is proposed that the temperature of the fluid
in the zone between specimen and vibrating tip plays a part in reducing erosion
for separation distances less than d crit . The temperature of the fluid in the
gap probably increases to more than 50
°
C as d is decreased below distances
of 0,5mm. This rise in temperature will cause an increase in the vapour content
of the cavities which, in turn, will cushion their collapse and hence reduce
erosion.
5.1.2 The Effect of Varying Bulk Temperature 
The results obtained on the influence of the temperature are shown in Fig. 5.2.
The temperature effect was investigated in both distilled water and three 5%
oil-in-water emulsions and the emulsion curve in Fig. 5.2 is representative of
the results obtained in these three emulsions. A maximum in erosion occurs for
a bulk temperature of 35
°
C in both distilled water and the emulsions.
This result agrees with the findings of Singer and Harvey(28) but is a




C found by a number of other investigators (25,
26,27,86). Hobbs (87) ascribed the discrepancy in findings to the differences in
test methods since in his apparatus the film was continuously changed during a
test (86) while in the apparatus used in the present work and in that used by
Singer and Harvey the film between the tip and specimen was 'static' during the
course of a cavitation test. Although the temperature of the film was not
measured in this study, Singer and Harvey did carry out such a check by inserting
thermocouples in a dummy specimen. Interestingly they found that the temperature
of the film was no more than 4
°
C over the bulk temperature. Thus the true
temperature at which maximum erosion occurs is more likely to be about 40
°
C. This










Fig. 5.2 The Effect of Medium Temperature on the Cavitation Erosion of
Pure Iron
Singer and Harvey also carried out tests with a moving specimen apparatus and
found that the temperature corresponding to maximum erosion was about the same
as that for the stationery specimen rig. Thus there is still some doubt about
the precise temperature at which maximum erosion occurs and whether it is
affected by variations in the test method.
As mentioned earlier the explanation for the reduction in erosion at
temperatures greater than about 45
°
C is generally accepted as being due to the
increased vapour pressure of the test liquid. This results in an increased
cavity vapour content which, in turn, leads to cushioning of cavity collapse
and a reduction in erosion. But the explanation for the decrease in erosion
at temperatures below 45
°
C is less well established. It has been proposed that
the increased solubility of gas at low temperatures leads to a higher gas
content in the cavities which again results in increased damping of the
collapse pressures. However, there are several arguments against this theory.
Hobbs and Laird (25) investigated the temperature effect at two constant
gas contents, namely, 5m1/1 and 11m1/1 and found that the higher gas content













C). Hickling (88), in following up this finding, suggested that





C (about 40%) is insufficient to cause the observed decrease in erosion.
In addition, he pointed out that at lower temperatures the rate of diffusion of
gases is reduced and would offset any improvement derived from a higher
dissolved gas content.
Alternative mechanisms have been proposed. Leith (89)has suggested that the
increased viscosity and surface tension at low temperatures were the reasons for
the decreased erosion. Hickling (88)proposed a mechanism of ice formation within
collapsing cavities while Plesset(27)proposed that chemical activity might be an
important factor. 'These latter explanations, however, have gained even less
support than the former.
A further effect which will contribute to the decrease in erosion rates at
low temperatures is the reduction in liquid vapour pressure (P v ). The decrease
in P
v 




C is only about 10kPa and
therefore, as in the case of the gas content, viscosity and surface tension, the
effect of vapour pressure is likely to be small. However, it appears that the
decrease in erosion at low temperatures is not controlled by any one parameter,
but is the consequence of the combined effect of small changes in a number of
fluid properties.
Furthermore it was observed that in distilled water corrosion of test pieces
increased significantly for temperatures greater than 40
°
C. But it was also
noticed that in the oil-in-water emulsions tests no corrosion occurred at high tempe-
ratures yet the trends in the two media are identical. This evidence tends to
eliminate any possible influence of corrosion on the temperature effect.
5.2 CONCLUSIONS 
This work on the influence of the separation distance and of the bulk test
fluid temperature on cavitation erosion has shown that:
(i) A maximum in erosion of pure iron occurs for a separation distance of 0,35mm.
(ii) Maximum erosion of pure iron occurs at a bulk test fluid temperature of
40
°












EVALUATION OF OIL-WATER EMULSIONS 
The use of water based emulsions as hydraulic fluids in equipment employed
in the confines of a mine has many advantages. Originally emulsions were used
because of their fire resistance and the coal mining industry, in particular,
has been using emulsions for a number of years(10). Present efforts to mechanise
gold mining in South Africa requires considerable application of hydraulic power
and 5:95 water based emulsions are being used extensively in this programme.
In this case economic factors have dictated the use of these fluids rather than
their fire resistance. The elimination of the pollution problem associated
with failure of hydraulic pipe lines is another factor but is of secondary
importance.
Emulsions are generally considered to be the dispersion of one liquid in
another with which it is immiscible. An emulsion consists of three phases known
as the internal phase, external phase and the interphase. The internal phase
is the dispersed phase and the external phase the matrix, while the interphase
is the emulsifier that binds the external and internal phases.
There are three common types of water based emulsions, namely, water-
glycols (40% to 50%) water, invert water-in-oil emulsions (40% water, 60% oil)
and dilute oil-in-water emulsions (5% oil,95 % water). The former two are very
similar to mineral oils in terms of properties and can, therefore, be used
without difficulty in existing hydraulic machinery. But, in spite of a high
water content, they cost about twice as much as mineral oil. The 5:95 dilute
emulsions are far cheaper than mineral oil but have disadvantages in that they
have poor lubricating and corrosion inhibition properties and also low resistance
to cavitation.
A limited amount of work has been done to evaluate the influence of water
based emulsions on cavitation erosion. The National Coal Board of the United
Kingdom has compared the erosion rates of various materials in each of the above-
mentioned emulsions with that in distilled water and a mineral oil (9q. It
appears, however, that a comparative evaluation of a range of oil-in-water
emulsions has not been carried out as yet. This investigation was, therefore,
undertaken to establish whether the emulsion type affects cavitation erosion,
and if so, to determine the causes of any such trend. This chapter describes
the findings of this work and also presents tentative explanations for the











6.1 RESULTS AND DISCUSSION 
Dilute oil-in-water emulsions were originally developed as machine cutting
fluids. But it has been found that these fluids can also be employed as
hydraulic media. The subsequent increasing use of these media in hydraulic
machinery has resulted in several oil companies developing emulsifiable oils
specifically for use as hydraulic fluids. In this present investigation a
number of conventional cutting fluids plus a range of specific hydraulic emulsions
were tested to ascertainwhethererosion could be reduced by use of a particular
emulsion or group of emulsions. The commercial names of the various emulsifiable
oils may not be published and thus the emulsions have been labelled as oils
A to V.
The conditions of the cavitation tests carried out in the oil-in-water
emulsions have been described in an earlier chapter. Pure iron was used as the
'standard' material throughout these tests. A number of control tests were
carried out in pure distilled water for comparative purposes and also to determine
the degree of experimental scatter in these tests.
The range of emulsions were tested in two concentrations, namely, 5% and 10%
or 5:95 and 10:90 oil to water. Figs. 6.1 and 6.2 are histograms showing the
relative cumulative' weight losses obtained from pure iron cavitated in the
emulsions for five hours. Included in the 5:95 histogram is the result of a
mineral hydraulic oil (Oil A) while the average distilled water result appears in
both histograms. The 5:95 emulsion tests were all done in duplicate but the 10:90
tests only once each. The scatter in the 10:90 emulsions is expected to be of
the same order as that in the 5:95 emulsions, that is,on average, 4,8% of the
mean.
The histograms show the following: (a) little cavitation erosion occurs in
pure mineral hydraulic oil (b) all emulsions suppress cavitation erosion in
comparison with distilled water (c) some emulsions suppress erosion more than
others and (d) there is some change in order when the oil concentration in the
emulsions is doubled.
The virtual elimination of erosion in mineral oils was first reported by
Rheingans (32) who eroded materials in a mineral seal oil and a transformer oil.
Later Hobbs (91) tested two hydraulic oils and found they reduced erosion
considerably in comparison with water. Kenny et al (90)obtained similar results
to that of Hobbs and also found that invert emulsions were as effective as
mineral oils in suppressing cavitation damage.
The low incidence of cavitation damage in mineral oil is the result of a































) A lower vapour pressure
(ii) A higher dissolved air content (about 5 times that of water)
(iii) A higher viscosity (-30 times that of water)
(iv) Lower bulk surface tension.
The dominant parameters in reducing cavitation damage would be the low vapour
pressure, high viscosity and high dissolved air content. A lower vapour pressure
means a greater drop in pressure is required to initiate vaporous cavitation,
while if unstable cavitation does develop then the high viscosity exerts
considerable drag on the moving cavity wall and slows down the processes of
growth and collapse. The high dissolved air content results in cushioning of
cavity collapse. The net result is a negligible erosive potential of cavitation
in mineral oil.
The performance of the oil-in-water emulsions is more important to this
investigation and the trend in the histograms will now be discussed.
6.1.1 Emulsion Properly - Cavitation Erosion Relationships
The trend in emulsion performance must be the result of changes in one or
more of the physical properties of these fluids. Thus common fluid parameters
known to affect the dynamics of cavitation were investigated, namely, kinematic
viscosity, density, bulk surface tension, mineral oil content (oil droplet size)
and dissolved air content. Since water is the continuous phase in 5:95 emulsions
their kinematic viscosity is very close to that of water. Values obtained from
the oil companies showed that viscosities varied between 0,72 and about 1,20
centistokes in the 5:95 emulsions and as expected the viscosities of the 10:90
emulsions were not much different (0,77 to 1,37). Moreover the viscosity of
the original emulsifiable oil has no influence on the emulsion viscosity. Similarly
the densities of the emulsions were found to be much the same as that of water.
Also the compressibilities and vapour pressures of these fluids are equivalent
to that of water (92).
On the other hand the bulk surface tensions of the emulsions (as measured
by the drop weight method(93)) were found to be about half that of water
(72,4 dynes/cm), the majority of the values being between 30 and 40 dynes/cm.
However, no correlation could be found between this parameter and the cavitation
erosion data of the emulsions. But oil droplet size, which is a function of the
ratio of the mineral oil and emulsifier contents, did show some correlation with
the performance of the oil-in-water emulsions. There is also evidence that the
dissolved air content, which is about two and a half times that of water, may











6.1.2 The Effects of Mineral Oil Content and Oil-droplet Size
on Emulsion Performance
The majority of emulsions are based on mineral oil. Addition of an
emulsifier renders a mineral oil 'soluble' in water by breaking up the bulk oil
and forming an interfacial layer around oil droplets thereby linking the internal
oil phase to the external water phase. Consequently the size of oil droplets is
dependent on the ratio of the concentrations of emulsifier and mineral oil base*.
For a high mineral oil content (80-90%) the emulsion is milky in appearance
which corresponds to a droplet size of about 2 to 5um. When the oil content is
a little lower, namely, 50 to 70% the emulsion is rather less milky and has a
droplet size of the order of 0,5um. For an oil content of less than 50% the emulsion
is clear and the droplet size approximately 0,05um,while a few of the emulsifiable
oils are fully synthetic (that is, not based on mineral oil) and form true, clear
solutions with water.
Fig. 6.3(a) and (b) are plots of cumulative weight loss versus mineral oil
content of the 5:95 and 10:90 emulsions. In each case the best fit line and
the correlation coefficient as determined by regression analysis are given.
The correlation is more satisfactory in the 5:95 emulsions than in the 10:90
emulsions, the coefficients of correlation being 0,84 and 0,74 respectively.
Note that Emulsion F yielded an exceptionally low result for a synthetic
formulation and was therefore left out of the regression analysis.
The high experimental scatter obtained in these tests is due to the use of
pure iron as the test material. It is now realized that pure iron was a poor
choice as a standard test material and that a stable austenitic stainless steel
would have been more satisfactory. Pure iron was found to erode partly by a
ductile mode and partly by a brittle intergranular mode. This has been reported
before by Preece et al (67) and Erdman-Jeznitzer and Louis (12). The complex



















which appears to correspond to the ductile to brittle transition in this metal.
Moreover the proportion of brittle fracture occurring in any one sample is
random since it depends on the number of favourable sites in the cavitation
zone from which brittle crack propagation can occur. As a result the
experimental scatter, when using pure iron as the test material, tends to be
high.
The oil droplet size effect was subject to some doubt since the emulsions,
being from numerous different sources, varied in base oil type and emulsifier
type. It was decided, therefore, to confirm these results by carrying out erosion
tests in emulsions representing the three oil droplet size groups, that is,
opaque, semi-opaque and clear, but formulated from the same emulsifier and
base oil type. Furthermore a hardened,low alloy steel was used as the material
in these tests, instead of pure iron, to reduce experimental scatter. The
results of these tests are given in Fig. 6.4. The trend in this graph clearly
confirms the correlation found between the erosion data and oil contents of the
emulsions tested previously.
Further evidence of the influence of oil content/droplet size on the
cavitation erosion of pure iron can be found in the damaged surfaces of the
test specimens. The proportion of brittle fracture decreases as the oilcontent
of the emulsions increases. Figs. 6.5(a) to (d) are scanning electron
micrographs of representative areas of eroded surfaces of pure iron specimens
after exposure to cavitation in distilled water and the three main types of
emulsions respectively. The reduction in brittle cleavage is an indication of
a decrease in the strain rate of the impinging cavitation.
The influence of oil content and resulting oil droplet size on erosion could
be the consequence of two possible effects. One mechanism is based on the ability
of the oil phase to wet the metal specimen thereby eliminating surface nuclei.
These surface nuclei are probably of the form suggested by Harvey (14) namely, gas
pockets in crevices. If these pockets entrapped in surface cracks could be removed,
the nucleation of highly erosive cavities at the specimen surface would be reduced.
Such a mechanism could be related to the oil content and oil droplet size of the
emulsions.
As the oil content of the emulsion is increased (and the emulsifier content
reduced) the oil droplet size increases. This change in droplet size is, effec-
tively, due to a reduction in the interfacial energy between the oil and water
phases. According to wetting theory the ability of the oil phase to wet the metal
test piece is controlled by the relative interfacial energies between oil and
water, yow , , metal and oil, ymo' and metal and water, ymw .




























In other words the ability of the oil to wet the metal is directly related to
the interfacial energy between the oil and water. Since yow is, in turn,
directly related to the oil content/droplet size the degree of wetting that
occurs is proportional to the oil content and it is proposed that the high oil
content emulsions form a thin film on the surface of the test pieces. Note
that the bulk surface tension mentioned earlier is not a measure of the interfacial
energy between the oil droplets and metal. Therefore the lack of any correlation
between this parameter and erosion does not contradict the above theory.
The presence of an oil film could reduce erosion in three ways: The most
significant effect as mentioned earlier, would be the elimination of highly
erosive surface cavities since the oil layer would prevent Harvey type nuclei
from operating at the specimen surface. In addition the distance between the
closest cavities and the metal surface will be increased. The pressure front
from cavity collapse is attenuated as a function of 1/radius and thus any small
increase in distance between the collapse centre and the metal surface will result
in a reduction in the intensity of cavitation impinging on the specimen surface.
A third possible effect is the absorption of cavitation energy by the oil
film. Brunton (93a)investigated the liquid droplet impact erosion of wetted
surfaces (which is analogous to the impingement of liquid microjets in the
present study). He suggested that a liquid layer might reduce erosion by
preventing direct impact of drops (microjets) onto the surface. Also, as the
pressure wave passes through the layer it diverges, and providing the layer
thickness is much greater than the diameter of the droplet, attenuation of




















Therefore he points out that for erosion protection by a liquid film the
important characteristic is not the absolute layer thickness but the thickness
of the layer relative to the size of the impacting droplet (microjet).
There is another probable mechanism which could explain the generally lower
erosion rates observed in oil-water emulsions and possibly the trend in emulsion
performance as well. This involves the air content of the emulsions. Fig. 6.7
is a graph taken from ref. 93b showing the relative solubilities of air in
distilled water, an oil-water emulsion and a mineral hydraulic oil. Clearly at
latm. pressure the amount of dissolved air in an oil-water emulsion is more than
two and half times that in distilled water. This higher dissolved air content
could have an important influence on vibratory cavitation erosion.
The diffusion of dissolved air across the cavity wall during growth and
collapse of a cavity was investigated by Epstein and Plesset (94). They found
the process to be too slow (at room temperature) to appreciably affect the
contents of the cavity and thus the collapse pressures. However, in an oscillat-
ing acoustic pressure field, some gas bubbles are of subcritical size, which in
a field of sufficient intensity, undergo radial oscillations. During the expan-
sion cycle the pressure in the bubbles is reduced sufficiently to induce diffusion
of gases from the liquid into the bubbles through the expanded surface. During
compression the reverse occurs but through a reduced surface area and the result
is a net transport of gas into the bubbles. This phenomenon, known as rectified
diffusion, causes the bubbles to grow. When the cavities reach critical nucleus
size they undergo vaporous growth and on collapse the non-condensable gas intro-
duced by rectified diffusion cushions the collapse process and thus assists in
suppressing erosion.
Since oil-in-water emulsions have dissolved air contents two and a half times
higher than distilled water, it can be expected that erosion rates in these fluids
should be lower as a consequence of rectified diffusion and greater cushioning of
collapse pressures. Furthermore it is proposed that the dissolved air contents of
the emulsions may be dependent on mineral oil content, that is, the higher the oil
content the higher the concentration of dissolved air. If this is the case then
the mechanism described above could play a role in determining the trend in the
performance of the emulsions. However, at this stage there is no evidence to sub-
stantiate this suggestion and further investigation of this problem is required.
Initially the total gas contents of the emulsions could be measured by means of a
van Slyke gas content apparatus to establish whether any relationship exists between












This work on emulsifiable oils has shown that oil-in-water emulsions,
in general, suppress cavitation damage. Moreover within the group of emulsions
the ability to reduce erosion varies and appears to be directly related to the
mineral oil content of the emulsifiable oils. The trend in the performance of
the various emulsions may be due to either or both of the following effects:
(i) The ability to form a thin oil film on the surface of the metal sample
which is related to the yow interfacial energy and the oil content of
the emulsifiable oil.
(ii) The dissolved air content of oil-in-water emulsions is two and a half
times higher than that of water which results in cushioning of cavity
collapse and hence a reduction in erosion. Also the dissolved air con-












EVALUATION OF MATERIALS 
Although the operating life of hydraulic systems components can be increased
by improved design, the judicious choice of materials is of great importance.
Incorrect selection of materials often reduces the effectiveness of improved
design and therefore considerable research has been carried out over the last
five years under practical circumstances in the South African Gold Mining industry
to determine the optimum materials for use in hydraulic mining machinery (11).
A laboratory evaluation of materials was conducted as a complementary study to
the practical investigation within the mining industry. The materials selected
for erosion testing were, therefore, those which have either been used, are
being used at present or which have potential for use in erosive environments in
hydraulic mining equipment. These materials include: Stellite alloys, cemented
carbides, a range of stainless steels, low alloy steels, nickel alloys, cast
irons and several polymers.
Material microstructures, cavitation induced phase transformations and fracture
mechanisms were elucidated by the various techniques of optical microscopy,
scanning and transmission electron microscopy (SEM and TEM) and X-ray diffractometry
(XRD). In addition an energy dispersive analysis of X-rays (EDAX) system attached
to the SEM was used to identify phases in the Stellite alloys.
This chapter presents and discusses the results obtained from the vibratory
cavitation tests as well as subsequent information obtained from fractographic and
microstructural studies. Furthermore, the microstructural requirements of an alloy
having maximum erosion resistance are proposed.
7.l RESULTS AND DISCUSSION 
In total 48 different alloys and polymers were tested in this project under
the test conditions described in an earlier chapter. The materials, together
with their compositions and heat treatments are listed in Appendix 7.1 - Tables A
to D while the results of the erosion tests are summarized in Fig. 7.1. The
erosion curves (cumulative volume loss vs. time) of the materials are presented in
Appendix 7.2. Most of the alloys have erosion curves showing an incubation period
followed by a constant rate of weight loss zone. This was the general form of
curve found by Hobbs and Laird (37)and is illustrated in Fig. 7.2(a). Some
polymers did not exhibit an incubation period while a few alloys never attained
a steady state period even on prolonged testing and thus some of the curves are




















There are numerous parameters upon which erosion resistance may be based,
These include incubation time (t
o
), cumulative weight or volume loss, (CWL, CVL),
rate of weight or volume loss in the steady state zone (E) and time to reach
maximum erosion rate (tmax) To obtain,a true assessment of material performance
it is necessary to consider more than one of these parameters since an evaluation
based on a simple parameter such as cumulative volume loss can be misleading.
Therefore in this thesis the materials have been graded according to the total
cumulative volume loss,but at the same time,the incubation time and the erosion
rate after the acceleration stage have been considered as well. The incubation
time is defined, in this study, as that time when the slope of the cumulative
volume loss vs. time curve deviates from the average slope of the initial low
erosion rate period. This definition is depicted in Fig. 7.2 for the various
erosion curve forms obtained in this work. Furthermore when the value of t
o 
is
clearly between two points then the midpoint value is taken as the incubation
time. Fig. 7.2 also illustrates the method of determining E. The values of
CVL, to and E for all the materials are listed in Table 7.1. In most cases the
materials were tested only once,but for the few that were tested twice or more,





























The relationships between two mechanical properties and the erosion test data
were investigated. One of the properties considered was hardness. This property
being simple and readily obtainable is a most convenient parameter for use as a
criterion for erosion resistance. However, attempts in the past, to correlate
erosion resistance with hardness have not resulted in relationships sufficiently
reliable for use in materials selection and machine design. The relation between
erosion and hardness obtained in the present work also showed considerable scatter
(Fig. 7.3). In particular a few alloys (in the lower left hand corner) show a
large deviation from the average trend and the reasons for the exceptional resistances
of these few alloys are given in the following discussion. It is important to
appreciate that hardness can be used as a criterion for erosion resistance. But
it is essential that the engineer, who bases material selection on hardness,
simultaneously has a knowledge of the influence of material microstructure on
erosion resistance in order to understand the significance of exceptional material
performance whether favourable or unfavourable.
Another property considered was a parameter designated resilience number (R n ),
which is directly related to material hardness. This is an arbitrary number
corresponding to the rebound height of a hardened steel hammer dropped from a
constant height onto the surface of a test piece. It is a dynamic measure of a
material's relative ability to absorb and reflect the energy of impact.
A Shore Scleroscope was used to obtain these values of resilience number. Note
that these values are not equal to the Shore hardness of the material, since this
latter test requires that a diamond tipped hammer of standard dimensions be used
and not the hardened steel hammer employed in the resilience tests. The resilience
number test is similar to the ADL rebound ball test described in ref.95, a modified
version of which was used by Lichtman(35) in his work on erosion of polymeric
overlays. The similarity between the action of an impacting jet or spherical shock
wave and that of the impacting hammer in this simple dynamic test prompted the
investigation of this parameter. The relationship between resilience number and
cumulative volume loss for the whole range of materials (see Fig. 7.4) shows a
trend of decreasing erosion for increasing resilience (see also Table 7.1). Since
R
n 
and hardness are directly related, the same materials show a deviation from
the general trend.
The two extreme modes of erosion, namely, ductile and brittle have been
described in an earlier chapter. It was also pointed out that individual materials
often have unique erosion modes and the existing knowledge on the erosion modes
of individual materials has. been reviewed. In the following sections the mechanisms
of resistance and the modes of erosion of the materials investigated in the present





























properties and microstructure. The materials are dealt with in groups based
on the major compositional element/s, that is, low alloy steels, stainless
steels, cast irons, nickel alloys, cemented carbides, cobalt based Stellites
and polymers.
7.l.1 Low Alloy Steels 
Two low alloys steels have been tested, namely, 817M40 (or EN24) and 835M30
(or EN30B). Several specimens of each steel were quenched from -840
°
C and







C. Thus the samples were all martensitic but with varying hardnesses
according to the tempering temperature (see Fig. 7.5).
Fig. 7.5 Hardness vs. Tempering Temperature for 817M40 and 835M30 Steels
In general the 817M40 samples have superior erosion resistance to the 835M30
samples which may be ascribed to the higher hardnesses of the former samples.
Hardness is a good indication of erosion resistance in this case, since the
alloys are structurally identical. This is reflected in a plot of erosion
resistance (CVL) vs. hardness (Fig. 7.6). Note that the 817M40 Q&T 200
°
C is
considerably more resistant than the specimens tempered at higher temperatures.

























The fracture surfaces of these martensitic steels are all similar and the
erosion mode becomes more ductile in character with increasing tempering
temperature. Figs. 7.7(a) and (b) show the eroded surfaces of 817M40 and
835M30 both Q & T at 400
°
C in the early stages of erosion while Figs. 7.8(a) to (e)
show the severely eroded surfaces of the 817M40 samples over the range of tempering
temperatures. Figs. 7.7(a) and (b) show that erosion is initiated by 'blistering'
at the edges of martensite plates followed by material removal by ductile rupture.
This early stage mode of erosion is in contrast to that described by Wade and
Preece (40) who reported that erosion occurred initially by brittle pitting and
grain boundary cracking in a martensitic AISI 1080 plain carbon steel.
(a) 817M40 (4000x) (b) 835M30 (6400x)
Fig.7.7 The Erosion Mechanisms of 817M40 and 835M30
The 'ductile' nature of the erosion of these alloys is surprising considering
the high hardnesses of the test samples and also the strain rate sensitivity of
steels in general. Note that in vibratory cavitation the strain rate is high
enough to produce the ductile to brittle transition (DBT) in pure iron (see
chapter 6). However alloying, in particular, additions of nickel and also the
heat treatment of steels reduces the DBT temperature by more than 40
°
C (96).
Alloying is, presumably, also the explanation for the different early stage
erosion mechanisms observed by Wade and Preece in 1080 steel. A further factor
which will contribute to the erosion mode in these alloy steels is the fine
microstructural dimensions of the martensite phase. This structure has a greater




















7.1.2 Stainless Steels 
A number of stainless steels were investigated,namely, two austenitic, four
ferritic and two martensitic steels. In addition an austenitic manganese steel
(Hadfield's steel) was tested and has been included in this section for convenience.
The compositions, Vickers hardness, resilience numbers and erosion data of these
alloys are listed in Table 7.3, 7.4 and 7.5 below.
7.1.2.1 Martensitic Stainless Steels 
The martensitic high alloy steels evaluated were DIN 4112 (or AISI 440B),
and BS 431S29 (or AISI 431).Again five samples of each alloy,tempered over a
range of temperatures,were tested.The relationship between the 7 hour cumula-
tive volume loss and Vickers hardness number for the various specimens of the
two alloys are plotted in Fig. 7.9.
The DIN 4112 results show the expected monotonic decrease in erosion resis-
tance with decreasing hardness.In addition,this alloy is more resistant than the
431529 steel.This is understandable since the carbon content and therefore the
hardness of the samples of the former alloy are much greater than that of the
latter (see Table 7.3).The 431S29 samples,although they follow the expected
trend,do show an anomaly.The specimen tempered at 400
º
C has a similar
resistance to the specimen tempered at 200
°




















secondary hardening which is reflected in the relationship between Vickers
hardness No. and tempering temperature in Fig. 7.10. This form of hardening
results from the precipitation of alloy carbides when sufficient thermal energy
becomes available for diffusion of substitutional elements in the lattice. In
general, however, the two alloys fit in with the overall trend of materials
performance i.e. they fall within the average band of materials in Figs. 7.3 and
7.4.
The microstructures of DIN 4112 and 431529 in the heat treated condition
are shown in Figs. 7.11(a)&(b). The effect of the different carbon contents is
clear from the size and number of chrome carbides present in the respective
samples. Fig. 7.11(c)-(f) show the erosion mechanisms of these alloys which in
the martensitic phase is much the same as that of the heat treated low alloy
steels discussed in the previous section. As regards the chrome carbides, in
431S29 they do not seem to play any significant role in the erosion of this alloy,
but in DIN 4112 the carbides are obviously more resistant to cavitation than the
martensite matrix as shown by Fig. 7.11(e). However, these large carbide particles
also have a detrimental effect in terms of erosion initiation (as is the case in
the Stellite alloys). The carbides and martensitic matrix differ in elastic
properties. There ore when the alloy is stressed, as in a cavitating liquid, the
matrix and carbide phases undergo different strains, and in order to relieve the
elastic mismatch, cracking occurs or is promoted at the carbide-matrix interface.
This mechanism was often observed in the present materials investigation and will
be mentioned again in the discussion below. The micrographs in Fig. 7.11(e)&(f)
show clearly that cracking and removal of material occurs at the carbide-matrix
interface. The detrimental effect of carbide may explain the difference in
incubation times for the samples of DIN 4112 and 817M40 both tempered at 200
°
C;
the 817M40 sample has a much longer incubation period than the DIN 4112 sample
in spite of the former alloy having the higher hardness (see Tables 7.2 & 7.3).
7.1.2.2 Austenitic Stainless Steels and (Hadfield's) Manganese Steel 
Of these alloys the manganese steel is the most resistant followed by
AISI 304 and then AISI 316 stainless steels. Both AISI 304 and, particularly,
Hadfield's steel have much higher resistances than expected on the basis of
their mechanical properties (hardness and resilience number - see Table 7.4),
and therefore deviate from the average curves in Fig. 7.3 and 7.4.
Figs. 7.12(a)-(f) reveal the mechanisms of erosion of these alloys. Material
removal is initiated at and propagated from the slip and/or twin boundary steps
at the surface and at grain boundaries, although in Hadfield's steel pitting
also occurs in between the shear features. The overall erosion mode is one of




























AISI 304 has a higher resistance than expected from its strength properties
and moreover it is more resistant than AISI 316 which has very similar properties
to AISI 304 (see Table 7.4). This effect is undoubtedly related to the
y-austenite to a martensite shear transformation which occurs in the former alloy.
Figs. 7.13 and 7.14 are XRD traces revealing the structures of 304 and 316 before
and after exposure to  cavitation for five hours. Very little material is
transformed in AISI 316, whereas a considerable reaction occurs in AISI 304. This




 temperatures (listed in Table 7.4) which,






were calculated from equations developed by Pickering (97).
Examination by transmission electron microscopy of thin foils taken from
regions just below the eroded surface of AISI 304 revealed the mechanism of
nucleation of martensite (see Fig. 7.15(a)-(d)). Uneroded AISI 304 (annealed)
has a very low dislocation density but contains a number of stacking faults. On
exposure to cavitation the dislocation density increases rapidly in some areas
(Fig. 7.15(a)).while in other regions less dislocations form and deformation
twinning predominates (Fig.7.15. (b)). a' martensite is nucleated at twin
intersection points (Fig.7.15 (b)) and eventually, in highly deformed areas, a
complex structure develops of twins plus interspersed a' martensite (Fig.7.15 (c)
& (d)). These structures are very similar to those found by Moin & Murr (61)
in shockloaded 304 stainless steel. The morphology and structure of this
martensitic transformation in Fe-Cr-Ni alloys has also been studied by Lecroisey &
Pineau (98)
The formation of martensite increases the work hardening rate of AISI 304
resulting in high ultimate stress levels while maintaining good uniform elongation
(98). Both these mechanical properties are important in withstanding cavitation






































AISI 301, which has the highest rate of work hardening of the austenitic
stainless steels, had the highest resistance of the 300 series steels tested by
Woodford (72). Dr Woodford discounts (I think wrongly!) the trend shown by the
stainless steels in the relationship between erosion resistance and percentage
phase transformation (see Table 7.5).
In addition to the action of the second phase in providing obstacles to
dislocation motion, resulting in a high work hardening rate, the transformation
can be expected to absorb a small amount of shear strain without any associated
work hardening. Furthermore if the -rat' reaction is reversible, and there is
some evidence that this may be the case (99),this would be an important mechanism
of strain absorption without work hardening. This subject is considered in more
detail in section 7.2.
Hadfield's austenitic manganese steel, has a different resistance mechanism.
This alloy, like AISI 316 is stable and does not transform to any great extent
as shown in the XRD data of Fig. 7.16. Also the little martensite that forms is





temperatures in Table 7.4. While the order of cavitation erosion
resistance between Hadfield's steel and AISI 304, obtained in this study, agrees
with that reported by Bogachev and Mints (59 )the transformation characteristics do
not since these authors found the transformation reaction y÷e+a - to go virtually
to completion (85%). Roberts (100)on the other hand, found,on hammering Hadfield's
steel that a small amount of c martensite formed,accompanied by the development
of fine twins and dense tangles of dislocations.
The superior performance of Hadfield's steel can be ascribed to its high rate
of work hardening, which is higher than that of AISI 304 (n=0,6 cf. n=0,44 for
c>0,08%). Numerous theories have been proposed in the past for the mechanism of
work hardening in Hadfield's steel including stacking fault - dislocation
interactions, and fine twinning (IN) More recently, however, Dastur and Leslie (102)
discounted the stacking fault theory since these defects are not commonly observed




















the other hand, the twinning theory is, in part correct,but it does not hold
for high temperature deformation when the work hardening rate remains high. Dastur
& Leslie have proposed, instead, that dynamic strain ageing is the main cause
of the unique hardening. This occurs by Mn-C couples (not carbides) aligning
themselves in the strain fields of dislocations thereby continuously stabilizing
these defects in the lattice.
7.1.2.3 Ferritic Stainless Steels 
In contrast to the other stainless steels the standard ferritic alloys
AISI 409 and 430, have very poor erosion resistance. In fact, they rank as the
two worst alloys tested in this project. The development alloys 3CRl2* and
3CRl2Ni-rich performed rather better than the conventional AISI standard ferritic
steels (see Table 7.6).
The poor erosion resistance of these alloys is attributable to the strain
rate and notch sensitivity of BCC metals. The high strain rates produced by
cavitation result in rapid brittle fracture along transgranular (AISI 430) or
both transgranular and intergranular (AISI 409) paths (see Figs. 7.17(a)-(d)).
Note that the lower the chrome content the less severe is the fracture mechanism
(pure iron could be included in this series as a ferritic with no chromium - it
shows a combined ductile - brittle mechanism). The presence of chromium is not
entirely the cause of the Notch sensitivity of these steels, rather it is the
synergic effect of chromium and a critical concentration of interstitial carbon
and nitrogen, particularly for chromium levels above 15-18% (103).
The two development alloys 3CR12 and 3CR12Ni-rich are very similar to AISI 409
in composition. However, there are small differences in the alloying element




















contents which are sufficient to alter the a+y loop (see Fig. 7.18) such that
by normalising at 800-900
°
C the structures of these development alloys become
a fine mixture of a-ferrite and æ-martensite .
Fig. 7. 18 Fe-Cr Phase Diagram
The ratio of the a and a' phase contents is controlled by the ferrite factor
(104)of the alloys, a lower factor leading to a greater proportion of martensite
(see Table 7.6). On the basis of the ferrite factors, the difference between
the erosion results for AISI 409 and 3CR12 would appear to be larger than expected.
This is probably the result of the former alloy being in the warm worked condition
rather than in the optimum normalised (900
°
C) condition.
The performance of the development alloys can be altered by normalising at
different temperatures to obtain various structures from warmworked(as received)
to duplex (normalised at 900
°
C). Fig. 7.19 shows how the erosion resistance of
the alloys vary with these different heat treatments. Initially the erosion
increases as the deformed structure recrystallizes to form single phase ferrite.
At higher temperatures the structure becomes duplex and the presence of 'ductile'





























The presence of martensite phase was verified by SEM fractographic studies
and Fig. 7.20(a)-(d) show the eroded surfaces of 3CR12 and 3CR12Ni-rich in




C respectively) and in the duplex
phase condition (900
°
C for both). The duplex phase a+a' structure results in
partially ductile and partially brittle fracture as indicated in the micrographs.
This work illustrates the strong control microstructure has on the mode and rates
of erosion.
7.1.3 Cast Irons 
Three cast irons were investigated, namely, a nodular cast iron (SG 80) and
two high chromium cast irons (CB 24 and TB 18). The latter two alloys have high
hardnesses compared with SG 80 (see Table 7.7). Moreover the structures of these
alloys differ considerably as shown in Fig. 7.21(a), (c) & (e). SG 80 is comprised
of nodular graphite in a ferrite matrix while the high chromium materials consist,
in the case of TB 18,of a complex mixture of chrome carbides, a eutectic phase
and'solid solution phase while CB 24, with the higher chromium content, consists
of a large number of fine chrome carbide particles (ti6um) in a solid solution
matrix.
The erosion resistances of these alloys follow the hardness and resilience
values. CB 24 is a little more resistant than TB 18 while both are much more
resistant than SG 80. The two former alloys follow the average trend in
Fig.. 7.4 while SG 80 deviates to the high side, that is, it has a lower erosion
resistance than one would expect from its resilience number. Furthermore,
considering the difference in hardness between CB 24 and TB 18 one would expect
a greater difference in erosion resistance. This discrepancy is considered
to be due to microstructural differences. In CB 24 the chrome carbides provide
initiating sites for erosion as a result of cracking at the matrix-carbide
interface as discussed in an earlier section (see Fig. 7.21(f)). On the other
hand, in TB 18 cast iron the acicular phase is preferentially removed while the




















SG 80, as expected, erodes by initial loss of the graphite nodules followed
by brittle failure of the ferrite matrix (see Fig. 7.21(b)). In addition
severe corrosion occurs during erosion of this alloy and corrosion products
lining the recesses of removed nodules can be seen in Fig. 7.21(b). This
reaction is assisted by the presence of graphite,since the ferrite matrix is anodic
with respect to the carbon nodules. The preferential removal of the graphite
nodules simplifies the degradation of the ferrite matrix,since the pits are ideal
initiating sites and from a very early stage in the erosion process matrix material
is rapidly removed. These 'weak sites' result in SG 80 having a lower erosion
resistance than expected from its resilience number value.
7.1.4 Nickel Based Alloys 
This group includes the alloys: NiTi, Monel 400, Incalloy 825, Alloy C
and Alloy 3040. The nickel-titanium intermetallic alloy, NiTi, has a very high
resistance to erosion which agrees with the findings of Bard (105).The as cast
Ni-Cr-Mo alloys, Alloy 3040 and Alloy C, are somewhat less resistant than NiTi
while the wrought Ni-Cu alloy, Monel 400 and the wrought Ni-Fe-Cr alloy,
Incalloy 825 are the least erosion resistant alloys of the group.
The intemetallic alloy NiTi has a long incubation time, approximately 12,5 hours.
In addition the erosion rate after t
o 
is considerably less than that for other
alloys having a comparable hardness (eg. 316 stainless steel, E = 0,520).
Furthermore, NiTi has a very low resilience and its erosion/resilience relation
shows a considerable deviation from the average trend in Fig. 7.4 .
The exceptionally high erosion resistance of NiTi, can be attributed to the
occurrence of a martensitic transformation in this material. If this alloy is
deformed at temperatures close to the M s
*
 temperature approximately 7% reversible











strain can be accommodated by processes associated with the martensitic
transformation (106).Moreover if the test temperature is between the A f * and
M
d
* temperatures (see Fig. 7.22), then the transformation is fully reversible.
Fig. 7.22 Phase Transition Hysteresis in NiTi (Ref. 106)
The M
s 
temperature of the alloy studied in this work was approximately
200
°
C and hence it was martensitic at room temperature. The erosion resistance
of this material can be attributed to the accommodation of strain by a combination
of: (i) growth of martensite phase, (ii) stress induced growth of one martensite
orientation at the expense of an adjacent, unfavourably orientated one, (iii) a
stress induced reorientation of martensite and (iv) a stress induced twin
boundary migration within a martensite variant (106). The important implications
of strain absorption are discussed in section 7.2.
Although this sample has an exceptionally high resistance it is not the
optimum alloy. A NiTi alloy with maximum erosion resistance would clearly be one
*Ai. Temp. at which the reversion to Austenite is complete











which transforms reversibly at the temperature of deformation. This alloy would
have an M
d 
temperature just above room temperature or the test temperature and
therefore an A
f 
temperature a little below the test temperature (see Fig. 7.22).
The cast alloys,Alloy3040 and Alloy C are complex Ni-Cr-Mo alloys. Both
contain a small amount of iron and, in addition, alloy C contains 5% tungsten
while Alloy3040 has 3% niobium. Alloy C has about 1/10 of the carbon content
of Alloy 3040.
As regards erosion performance,Alloy 3040 has a resistance expected for a
material of its hardness (see Fig. 7.3). On the other hand Alloy C, which has a
hardness half that of alloy 3040, not only has a slightly longer t o than Alloy 3040,
but also has an E rate not much greater than that of its counterpart (see Table 7.8).
Moreover the volume loss/resilience relationship for Alloy C deviates from the
average trend in Fig. 7.4. The microstructures and cavitation fracture surfaces
of the alloys are shown in Fig. 7.23(a)-(d). The relative performances of these
alloys can be explained in terms of microstructures and fracture mechanisms.
Alloy 3040has a high carbide content, mainly Cr7C3 and Mo6C carbides plus a
small amount of niobium carbide, which increases the bulk hardness. At the same
time, however, these carbides provide a large number of sites for initiation of
erosion. Fig. 7.24a) clearly shows that cracking occurs at the interface between
the carbides and the nickel rich solid solution matrix due to the elastic
mismatch between carbide phase and matrix. Moreover within the matrix, which has
a eutectic type structure, erosion is initiated at, and propagates rapidly from
interlamellar interfaces.
Alloy C, on the other hand, has a much lower carbide content and, although the
fractography studies (Fig. 7.23(b)) show that the carbide phase is still
preferentially eroded, overall there are fewer erosion nucleating sites compared
with Allay 3040. This explains the longer incubation time of Alloy C. However,,
later in the erosion history the lack of carbides is a disadvantage as indicated
by the slightly higher steady state erosion rate at t>t o . After the incubation
time the fine carbide microstructure in Alloy 3040 is beneficial in retarding
crack growth, plastic deformation and ductile rupture. The relationship between
these alloys is analagous to that between Stellite 8 (0,27%C) and the other high
carbide content Stellites (see section 7.1.6)
These nickel based alloys have a high SFE (probably n.60mJ/m 2 ) and therefore
do not benefit from a phase transition induced improvement in mechanical properties.
The exceptional resistance of Alloy C (considering its mechanical properties) is
thought to be due to solid solution hardening which results in a high critical
resolved shear stress for dislocation motion. Alloy C and Alloy 3040 contain equal
amounts of alloying elements but in the latter alloy a high proportion of





























rich matrix of Alloy C can be expected to have a higher hardness than the same
phase in Alloy 3040.
The remaining two nickel based wrought alloys, namely, the Ni-Cu alloy,
Monel 400 and the Ni-Fe-Cr alloy, Incalloy 825 responded to cavitation in the
manner_ typical of high stacking fault energy, single phase, face centered cubic
metals (Chapter 3, Section 3.3.2.2). This mode of erosion has been reported
by other investigators (62 , 64 , 12 ) and is now faily well understood.
The high SFE results in easy dislocation cross-slip and plastic deformation.
Hence highly ductile deformation occurs during erosion of these materials.
The fracture surfaces are shown in Figs. 7.24(a)-(d). The micrographs of
regions near the edges of the eroded areas illustrate the massive deformation which
occurs in the early stages of erosion in these materials. Furthermore the
micrographs of the heavily eroded areas show that material loss occurs by crater
formation and by ductile rupture of asperities and lips formed at the edges of
these craters.
The slightly higher erosion resistance of Incalloy 825 is expected since this
material has the higher concentration of alloying elements. Greater solid
solution hardening results in a slightly higher bulk hardness and thus a
moderately better erosion resistance than Monel 400.
7.1.5 Cemented Carbides 
A range of cemented carbides was evaluated for resistance to cavitation
erosion. Two binder metals, namely, cobalt and nickel were investigated and in
all the samples, except one, the carbide phase was tungsten carbide. The exception
was grade CNO2 which contained titanium carbide. This particular sample also
contained lesser amounts of chrome, molybdenum and tungsten carbides.
The erosion results (Table 7.9), show that the two nickel based tungsten
carbide samples have much higher erosion resistances than either the titanium
carbide/nickel based sample or the cobalt based samples. In fact the two
former cemented carbides are amongst the most erosion resistant materials
tested in this work. Grade CNO2, in spite of a far higher hardness than grades
8LC and 8MC, is approximately three times less resistant than the WC-Ni grades.
The best cobalt based sample (CG60) has a similar steady state erosion rate
to grade CNO2, but the erosion resistances of these cobalt based carbides
vary considerably and the worst grade has an E value of 0,20mm 3 /hr. In
general, the cobalt based carbides have low resistances in relation to their
hardness values and they deviate from the average trend in the plot of erosion
vs. hardness (Fig. 7.3). The performance of these carbides is in complete
contrast to the findings of Beckwith and Marriott (107) who, in their studies
on droplet impact erosion of Haynes stellite 6B and WC-10% Co cermet, found










The microstructures of the cemented carbides are shown in Figs. 25(a)-(f).
Only four representative structures are shown for the cobalt based samples.
Figs, 7.26(a)-(h) are SEM micrographs of the eroded surfaces of a number of the
carbides revealing the mechanism of erosion of these materials. The carbide phase
is much harder than the cobalt or nickel binder phases and therefore the binder
is preferentially eroded followed by removal of carbide particles when there is no
longer sufficient binder to retain these particles. Note that the removal of
binder phase is initiated at the binder-carbide interface as shown in Fig. 7.26(e)
(area marked A). Also Fig.7.26(h) shows that considerable loss of binder occurs
prior to removal of the carbide particles.
Fig. 7.27 is a plot of erosion (cum. vol. loss) vs. binder content. This
graph depicts the influence of binder content and grain size on the erosion
resistance of these materials. Clearly the most important feature of these results
is the high resistance exhibited by the two nickel based cermets. Following the
good performance of the cobalt based Stellites this result was somewhat unexpected.
In addition the cobalt-tungsten carbide combination has a very low interfacial
energy which results in nearly perfect wetting during sintering and hence a very
good adhesion in the solid state (the wetting angle of cobalt on tungsten is zero).
On the other hand nickel does not wet tungsten carbide as well as cobalt and
therefore the bonding between carbide grains and nickel binder is not as strong
as in the case of the cobalt binder. Despite the attributes of cobalt as a
binder, the cemented carbides based on this metal are much less erosion resistant















































The influence of the type of binder metal on the performance of the
cemented carbides is not fully understood, but, it is proposed that the state of
stress in these materials is an important factor in controlling erosion resistance.
In the 'as sintered' condition residual stresses exist in the cemented carbides
due to the differences in coefficients of thermal contraction (a) and also in
elastic properties between the carbide phase and that of the binder. The thermal
contraction coefficient of cobalt is approximately three times that of tungsten
carbide (cobalt and nickel are about the same, 12 x 10 -60C -1 and 13 x 10 -60 C -1
respectively). On cooling from high temperature, residual stresses are generated
in the composites. The carbide grains are subjected to a triaxial compressive
stress and the binder subjected to a triaxial tensile stress.
One can calculate the order of magnitude of the stresses in the binder phase .
using the model proposed by Newkirk and Sisler (108). This model considers an
(annular) sphere of carbide phase, the centre or core of which, at high temperature
contains liquid binder metal. As the system is cooled, the binder metal, having
the higher a is placed under triaxial tension. Then by applying the equations
developed by Timoshenko (109) for the strains in a three dimensional stress system,
and assuming that the triaxial stresses are balanced by the triaxial strains
and that the stresses and strains are equal along the three coordinate axes, then:
Using equation 7.2 and assuming that the residual strain in the binder is equal
to the difference in the lattice parameter of pure nickel and the lattice parameter
of the nickel phase in the cermet divided by the lattice parameter of pure nickel,
Newkirk and Sisler(108) estimated that the residual stress in the nickel binder
of TiC-Ni cermets was of the order of 1090MPa.
The residual stresses in the WC-Co cermets studied in this work are of much
the same order as those in TiC-Ni samples, namely, 1200MPa  (see Appendix 7.3).











by the volumetric contraction associated with the allotropic awe transformation.
This awe phase transition is well known in the WC-Co cermets (110,111). In the
present study the phase change was followed by X-ray diffraction and Fig. 7.28
shows the XRD traces of WC-Co, grade CT65, before and after erosion. The samples
were all partially transformed prior to the erosion test as a result of mechanical
prepolishing, however, further transformation occurred during the erosion test.
Sarin and Johannesson (111) report that a complete transition from FCC to HCP
form induces a shear which ultimately results in a tensile strain of ,c6%.
They also point out that in compression testing of WC-Co samples less than 10%
transformation occurs prior to fracture which implies that failure starts at
about 0,6% strain. In the present work it would appear from the relative
intensities of the FCC (111) and HCP (101) peaks that about 50% transformation
has occurred after exposure to cavitation for 10 hours.
The important characteristic of this strain accompanying the transition is that
it is tensile in nature. This will lead to an increase in the tensile stresses
within the cobalt binder and in fact one can estimate the increase in stress
using equation 7.2. If it is assumed that the extent of transformation is about
25%, then according to Sarin and Johannesson (111) the tensile strain in the cobalt
as a result of the transition will be approximately 1,5% orE co=0,015. Then by
equation 7.2
Although this estimate of stress is most likely far higher than the actual stresses
in these materials,this calculation does indicate that very small transition induced
strains can result in very high stresses in the binder phase.
The carbide phase is known to form a continuous skeleton (111,112,113)e and it
is assumed that the rigidity of this skeleton is sufficient to withstand the
shrinkage stresses of the matrix. (The ability to withstand deformation will be
a function of carbide content and carbide grain size). Thus when the matrix
undergoes a phase change,the tensile stresses are increased in the binder and the
cobalt-carbide bond will be weakened. It is conceivable that in some instances
actual debonding occurs between the cobalt matrix and carbide particles. The
erosion mechanism described earlier indicated that the interfacial bond plays an
important role in the erosion of WC -Co cemented carbides and hence any factor
leading to a weakening of this bond must also result in a decrease in erosion
resistance. Since the nickel based grades 8LC and 8MC do not undergo a phase




















The effect of binder content on the cobalt and nickel based cermets
(see Fig. 7.27) can be explained in terms of the hardness of the binder phase and
the influence of the phase transition. The graph shows that the 2um grain size
cobalt based samples increase in erosion resistance as the binder content decreases
from 25% to 15%. This is considered to be the consequence of an increase in
plastic constraint and therefore hardness of the binder phase. Dawihl and
Frisch (l 13)report that the microhardness of the matrix phase in WC-Co cermets
increases from HV660 for 25% cobalt content up to HV825 (in a 6% cobalt content
composite) (see Fig. 7.29). The increased hardness of the matrix results in an











of a rapid increase in the contiguity* of these composites for cobalt contents
< 15% (see Fig. 7.30) (112) .
Fig. 7.30 Contiguity as a Function of Binder Content (Ref.112)
This effect, in turn, leads to a large increase in the rigidity of the carbide
skeleton and the carbide phase has a greater ability to withstand the transition
induced stresses. This effect further promotes cracking at the carbide - matrix
interface and offsets any benefit derived from hardening of the binder due to an
increase in plastic constraint. Thus the binder is removed more easily by the
forces of cavitation and the erosion rates of these samples increase accordingly.
The carbide grain size also influences the erosion resistance of the cobalt
based carbides (see Fig. 7.27). An increase in grain size from 2um to 51.1m results
in a consistent increase in CVL for increasing carbide content (85% to 94%).
The larger carbide particle size results in lower packing densities in the carbide
* Lee and Gurland(112)define  contiguity as being that fraction of the total











phase. The mean free path* in the binder phase is increased (112)and
consequently the plastic constraint and hence hardness of the binder phase are
**
decreased as indicated by bulk hardness values - see Table 7.10. The decrease in
hardness results in a small increase in the erosion rates of these large grain
size samples.
The lower erosion resistance of the complex carbide, grade CNO2, compared with
the WC-Ni grades is also of interest. The explanation for this result may lie
in the morphology and distribution of the carbide particles. The microstructure
(Fig. 7.25(b)) shows that the carbides vary in shape while the mean free path
length between the particles is greater than in similar tungsten carbide samples
(grades 8MC or CG20). Moreover the material appears to consist of 3 phases :
a grey phase incorporating darker, needle like equiaxed particles (presumably the
TiC particles) plus a lighter phase which, presumably, is the Ni-Co binder. This
is more obvious from the SEM micrograph (Fig. 7.31) of the uneroded surface of
this material.
Fig. 7.31 SEM Micrograph of Uneroded Grade CNO2
* The mean free path in the binder is a function of carbide grain size, volume-
fraction of binder and contiguity.











Examination of the fracture surface (see Fig. 7.26(c))also shows that the resistant
carbide particles are not in intimate contact. Hence the lower erosion resistance
of grade CNO2 is due partly to the lower concentration of resistant carbides and
also partly to the lack of a continuous carbide skeleton.
7.1.6 Stellites 
The erosion resistances and erosion mechanisms of a number of Stellite alloys
have been evaluated. The behaviour of these alloys in erosive environments has
been studied in the past and although Stellite 6 has been the subject of most of
this work (30, 34, 72, 74, 75, 77, 114), Baker and co-workers have investigated
the liquid droplet impact erosion of other Stellites, namely, Stellites 1, 4, 7,
8 and 12 (114). These alloys, in general, are unique in their ability to resist
both cavitation and liquid droplet erosion, although the reasons for this high
resistance are not yet fully understood. In the present investigation Stellites
3, 4, 6, 8, 20 and 2006 have been evaluated. These were selected to determine the
effects of varying hardness, composition and nature of microstructure on mechanisms
of erosion resistance and modes of erosion.
These Stellite alloys, as expected, constitute some of the most erosion
resistant materials tested and are comparable with the two nickel based tungsten
carbides and the intermetallic compound NiTi. Predictably Stellites 3 and 20
are the most erosion resistant of the group since they are of similar high
macro-hardnesses. Stellite 20, however, is less resistant than Stellite 3 and
the CVL figures in Table 7.11 indicate that Stellite 20 lost nearly twice as much
material as Stellite 3. Also note that, although the incubation time of
Stellite 20 is less than that of Stellite 3, the erosion rates after t o are
approximately the same. These results confirm again that hardness is an
unreliable criterion for erosion resistance prediction, even within a group












The lower erosion resistance of Stellite 20 compared with Stellite 3 is con-
sidered to be due, primarily, to the differences in microstructure between the two
alloys which, in turn, govern the modes of erosion (see Fig. 7.32 (a)-(d) and
Fig. 7.33(a)-(d)). Stellite 3 consists of a regular dendritic structure of Cr 7C3
and W
6
C carbides in a cobalt rich solid solution matrix while Stellite 20 has
a more heterogeneous structure of acicular Cr 7 C3 carbides in a fine eutectic matrix
( 73 , 115 ). The micrograph and EDAX spectra in Fig. 7.32(c) show that in
Stellite 3 the carbides are removed first in the early stages of erosion
although some material is also lost from the matrix phase at points where twin
boundaries intersect (see Fig. 7.32(d)). However, not all the carbide phase is
'weak' since it has been observed that the acicular eutectic areas of this phase
are more resistant than both the matrix and the dendritic carbides. Stellite 20,
on the other hand, with its heterogeneous microstructure, has a greater number of
erosion nucleation sites in the form of carbide/matrix interfaces at which erosion
can be initiated (see Figs. 7.33(c) and (d)). Furthermore the 
Cr7C3 
carbides in
this alloy are considerably harder than they are in Stellite 3 as a result of the
higher alloying element content(115) (DPH 1860 for Stellite 20 cf. DPH 1100 in
Stellite 3). The 
Cr7C3 
carbides in Stellite 20 have low toughness* and undergo
brittle fracture. pus more carbide is lost at an earlier stage on exposure to
an erosive environment compared with Stellite 3.
The differences in t
o 
are therefore primarily due to microstructural
differences. But after t
o 
the surfaces of the specimens are severly deformed and
surface nucleation sites have less influence on erosion of these alloys, and thus
the steady state E values are much the same. Although carbides are detrimental
in that they reduce to ,it is conceivable that they can also be beneficial by acting
as barriers to crack propagation at times, t>t o . The higher erosion resistance of
Stellite 3 compared with the other alloys must be a function of the fine, regular
carbide phase in this alloy.
Stellites 4, 6 and 8 have erosion resistances nearly identical to that of
Stellite 20 in spite of steadily decreasing bulk macrohardness values (see Table 7.11)
These results can be explained as follows : Stellites 4 and 6 have similar
compositions except for tungsten content. Figs. 7.34(a)-(d) and Fig. 7.35(a) - (c)
show the microstructures and modes of erosion of the two alloys. Stellite 4 is
comprised of a dendritic structure of (Cr 7 C 3 , W 6C + cobalt rich solid solution)















































the insular solid solution phase is removed first in the early stages of erosion
while the remaining eutectic phase withstands the erosive environment
(see Fig. 7.34(c) and (d)). On the other hand Stellite 6 has a similar erosion
mechanism to Stellite 3 - the carbide phase is removed preferentially. Also it
is less predominant in the overall microstructure (Figs. 7.35(b) and (c) ).
Interestingly, in spite of the differences between these alloys, their erosion
resistances are much the same.
Stellite 8, in turn, is not much less erosion resistant than Stellites 4 and
6,although it has a very low carbon content (0,27%), and consequently,a lower macro-
hardness than both these alloys. Its microstructure consists almost entirely of
a cobalt, chrome and molybdenum rich solid solution interspersed with traces of
carbide (see Fig. 7.36(a)). On exposure to cavitation extensive twinning occurs
and a network of fine twin boundaries forms in the surface regions of the specimen.
The alloy erodes by initial loss of carbide followed by loss of matrix material
from twin boundary intersections (see Fig. 7.36(b) and (c)). Since the resistance
of Stellite 8 is similar to that of alloys 4, 6 and 20 it is clear that the role
played by carbides in resisting erosion is small compared with that of the cobalt
rich solid solution phase.
This apparent unimportance of carbides has been reported before. Gould (76)
found that the erosion of Stellite 6B is little altered whether carbides are
present or absent. More recently, Antony and Silence(77) reported that the
resistance of 1,0% carbon Stellite 6B is little different to that of a similar,
low carbon alloy. Clearly the cobalt rich solid solution is the erosion resistant
phase and the important mechanisms contributing to this resistance are discussed
later in this section.
Another feature of Stellite 8 is that its erosion rate is initially less than
the average erosion rates of Stellites 4, 6 and 20 but is greater in the later
stages of erosion. This is probably due to the lack of a carbide network embedded
in the matrix. The initial erosion rate is reduced due to the absence of
nucleating sites in the form of matrix/carbide interfaces while in the more advanced
stages of erosion the lack of barriers to crack propagation results in a greater
rate of material removal than in Stellites 3, 4, 6 and 20.
Stellite 2006, is less resistant than Stellite 8. Stellite 2006 has higher
nickel and iron contents than any of the other Stellites and the microstructure
consists of a dendritic network of a chrome, cobalt, iron, molybdenum and nickel rich
solid solution matrix plus (Mo 6 C, Cr 3 C7 + cobalt rich solid solution) eutectic
(see Figs. 7.37(a) and (b)). This structure is very similar to that of Stellite 4
and it is interesting that the erosion mechanism is also similar, that is, the
matrix phase is removed before the eutectic phase in the early stages of erosion





























The lower erosion resistance of Stellite 2006 is in agreement with the findings
of Woodford (72) and Woodford and Beattie(116)on Co-Fe alloys and can be explained
as follows : additions of chromium, tungsten and molybdenum stabilize the HCP
phase in cobalt alloys while additions of iron and nickel tend to stabilize the
FCC structure (117)(see Fig. 7.38) which implies that these latter elements increase
the stacking fault energy (SFE) of cobalt alloys.
Fig. 7.38 The Effect of Various Alloying Elements on the Phase Diagram of
Cobalt (a) Nickel and Iron (b) Chromium, Tungsten and Molybdenum
(Ref. 117 )
The effect of nickel on the SFE of cobalt alloys has been reported by Remy
and Pineau (118)and Graham and Youngblood (119). In the present study, evidence
of this stabilization of the FCC structure in Stellite 2006 was obtained by
X-ray diffractometry (XRD). The XRD traces of Stellite 3 and Stellite 2006 after
mechanical polishing but prior to erosion are shown in Figs. 7.39 and 7.40.
A qualitative estimate of the relative amounts of the FCC and HCP phases are given





























The ratios for the two alloys before and after erosion are listed in Table 7.12
which shows that during erosion less aye transformation occurs in Stellite 2006
than in Stellite 3. Note that a small amount of HCP phase is present in both
alloys before erosion. This is the result of mechanical prepolishing. Also
note that Stellite 2006 is less transformed than Stellite 3 at this stage as well.
These results are in accordance with the compositions and expected SFE's of
the respective alloys.
The consequence of a higher SFE, and therefore a more stable FCC phase, is
a reduction in the amount of twinning and in the extent of the aye transformation.
Both these microstructural changes are known to cause a rapid increase in yield
strength and work hardening rate of cobalt based alloys. Hence any decrease in
the ability to undergo twinning and the a÷c phase transition, will result in a
decrease in erosion resistance since increases in both strength and work
hardening rate are known to be beneficial in resisting erosion. That a reduction
in twinning occurs in Stellite 2006 is clear from the micrograph in Fig. 7.37(d)
(compare this with Stellite 4, Fig. 7.34 (d)) while proof of a reduction in the
extent of transformation has already been provided by the XRD work described above.
There has been considerable controversy in the past over the precise  role of
the FCC to HCP allotropic transformation which occurs in the Stellites. This
diffusionless transformation occurs at 417
°
C in pure cobalt, the FCC form being
stable at temperatures greater than 417
°
C. The driving force for the transformation
from the FCC to the HCP form is small, mainly due to the small free energy change




). However the SFE of pure cobalt is
20mJ/m
2
 which is somewhat higher than that of the chromium, tungsten and
molybdenum alloys of cobalt (-10mJ/m
2
). Therefore the free energy change associated
with the transformation in low SFE cobalt alloys must be greater, that is, the phase
change is a thermodynamically more favoured reaction in the alloys.
Initially Gould (76) proposed that the phase transition absorbed part of
the cavitation energy and in this way caused a reduction in erosion. However,











and a number of TRIP steels showed that empirically, there appears to be no
direct relationship between phase transformations and erosion resistance. But
since these transformable FCC alloys have a higher resistance than similar non-
transformable FCC alloys, he proposed an alternative explanation for their erosion
resistance in terms of their stacking fault energy and resultant planar slip mode.
He concluded that the role of the phase change was incidental rather than
instrumental in determining the resistance of Stellite alloys.
Antony and Silence (77) have suggested that the exceptional erosion resistance
of the cobalt based alloys is due to the high strain energy to fracture of the
HCP form of cobalt solid solutions. The HCP form is the product of the phase
transition and hence they suggest, on the basis of the findings of Remy and
Pineau(118),that the SFE should be kept low (10 - 15 mJ/m 2 ) to facilitate the
structure change. Preece (8) , on the other hand, has proposed that the
resistance of these alloys is due to the formation of a fine dispersion of second
phase with the same elastic properties as the surrounding matrix. Again this
indicates an incidental rather than intrumental role of the transition.
Recently Remy and Pineau(118) and also Graham and Youngblood(119) have
demonstrated the influence of the presence of E-HCP platelets
and mechanical twins on  the mechanical properties of Co-Ni and Co-Ni-Cr-Mo alloys.
The latter investigators showed that the size of individual HCP platelets is of
the order of 0,0lpm  in width while the mechanism of platelet formation is by
separation of partials on alternate {111} FCC planes (hence the orientation of the
deformation lines in the SEM micrographs presented above). Graham and Youngblood
also found that the yield strengths of Co-Ni alloys increased by 3 to 5 times as
a result of E-HCP platelet and twin formation. They ascribed this hardening to
the formation of an intersecting network of HCP platelets preventing the movement
of dislocations.
Furthermore Remy and Pineau found that in Co-Ni-Cr-Mo alloys which exhibited
the a-'c transition, a maximum in homogeneous elongation occurred at temperatures
close to the M
d
* temperature while both the transition and mechanical twinning
resulted in a rapid increase in the work hardening rate. However, they
demonstrated that the high elongation to failure is a result of the deformation
mode being mostly by mechanical twinning and that the presence of more than 10%
E-phase is detrimental to the ductility of the alloys: They also investigated the
correlation between the SFE and mode of deformation in these alloys and concluded
that in order to obtain the optimum mechanical properties, the SFE should be
15 to 20mJ/m
2
 which corresponds to an M d of about 25
°
C.











An additional mechanism which has been given some consideration in the present
study is that of absorption of strain without associated work hardening by the a.E
transformation. The energy absorbed in the transition (namely, AG = 4 to 8 x 10 6 J/m 3 )
only controls the kinetics of the reaction and is of no importance in the absorption
of cavitation energy, besides,the value of AG is small anyway (cf.yø  transition
in steels AG = 5 x 10 8J/m 3 ). According to Sarin and Johannesson (111) the
transition (in the cobalt binder of cemented carbides and it is presumed the same
applies to the Stellite alloys) involves a shear which ultimately results in a
tensile strain of -6% for 100% transformation. This means that a proportion of
strain induced by cavitation occurs without any associated strain hardening.
The beneficial effects of strain absorption by a phase transformation have been
observed in the present work with the shape memory alloy NiTi (see section 7.1.4)
On average the extent of transformation in the Stellites is probably of the order
of 50% and thus a shear strain of the order of 3% could occur without appreciable
work hardening taking place. These mechanisms of resistance are discussed further
in Section 7.2.
7.1.7 Polymers
Flurodur, an ultra high molecular weight polyethylene(UHMWPE), was found to
have the highest erosion resistance of the polymers, followed closely by the
polyamides nylon 6,6 and nylatron GSM. Polyacetal is rather less resistant than
Flurodur and the nylons but is far superior to the polytetrafluoroethylene
(PTFE) samples, pure and filled. These latter materials are amongst the least
erosion resistant materials evaluated. Also polyacetal and the two nylons





















Flurodur or UHMWPE is a linear polymer of ethylene with a zig-zag con-
figuration (see Fig. 7.41). The long chain molecules combine and form
fibres of the order of microns in thickness. The ultra high molecular weight
form of polyethylene has little or no side branching and thus the degree of
crystallinity is very high (approximately 95%). The moderate strength of
the polymer is entirely due to close molecular packing and high crystallinity.
There are no secondary molecular forces between the chains, such as hydrogen
bonding, although van der Waal's forces may have a small effect at the packing
densities of UHMWPE.
This polymer has an exceptional erosion resistance - much higher than expected
from its strength properties (resilience number). This is evident from the
relationship between erosion and resilience for Flurodur which deviates from the
average trend shown in Fig. 7.4. The exceptional erosion resistance of
Flurodur is considered to be a consequence of its high elongation to fracture
(500%) which is much greater than the other polymers (see Table 7.13).
The effect of a high E f is reflected in the fracture surface of this material
(see Fig. 7.43(a) and (b)). In general, erosion occurs by scission of fibres
which are, in turn, bundles of micro-fibrils. Part of a severed fibre showing
limited axial splitting, exposing free fibril ends, is marked in Fig. 7.43(b).
This mode of fracture is similar to that reported by Hearle (121)who called the
fracture mechanism - transverse "fibrous" break. The importance of this mode of
fracture becomes evident when the fracture surfaces of Nylon 6,6 and Polyacetal
are considered. These two polymers have tensile strengths twice that of Flurodur




















Nylon 6,6 is, therefore, a highly crystalline polymer. However, it also has
a high glass transition temperature (about 20
°
C) and on storage may continue to
crystallise which is accompanied by shrinkage. The degree of crystallinity
obtained on forming is very sensitive to processing conditions and may vary from
10% to 60% depending on whether the polymer was fast or slow cooled. Crystallinity
can be increased to the maximum of '140% by annealing at 170
°
C.
As in the case of polyethylene the degree of crystallinity determines the
mechanical properties of the polymers. Nylons, have, in comparison with other
polymers, very high strengths, in fact, Nylon 6,6 is the strongest nylon known.
However, the strengths of these materials are dependent on moisture content
and the nylons have a high affinity for water.
The incubation period shown by these materials is thought to be related to the
slight reduction in strength properties as a result of water absorption. Bretz
et al (123)have studied the effect of moisture on the rate of fatigue crack
propagation in Nylon 6,6 while Papir et al (124) investigated the influence of
water on the relaxation behaviour of Nylon 6. In both investigations water was
found to affect the performance of the polymers. The mechanism by which water
influences the properties of the polymers was explained as follows : As the
water content increases from 0,2 to 2,5% the H 20 molecules diffuse into the amorphous
regions of the polymer and become tightly bound to the polyamide chains by breaking
the hydrogen bonds and forming 'water bridges' between pairs of >C=0 groups.
This inclusion of tightly bound water results in an improvement in the molecular
packing in the amorphous regions of the polymer (which must result in a small
increase in strength). However, as the water content is increased above 2,5% the
H
2
0 molecules form aggregates which are loosely bound as bridges between >C=0 and
>N-H groups. The diluent action of H 20 at contents greater than 2 to 3% causes a
reduction in interchain attraction which is reflected in the mechanical properties
of the polymer (see Fig. 7.45 and Table 7.13)
In the cavitation erosion tests the critical water content of Nylon 6,6 was
found to be approximately 2,2% and that for Nylatron GSM about 1,1%. These critical
contents were obtained by drying the polymers at 150
°
C for five hours in vacuo to
calculate the equilibrium water content and then adding to this the water absorbed
during the erosion test up to the end of the incubation time. The critical content
for Nylon 6,6 is very similar to that found by Bretz et al (123) who reported that the
rate of fatigue crack propagation in this material increased rapidly for a water
content greater than 2-3%. The deterioration in fatigue properties and also
cavitation erosion resistance is a result of the weakening of the polymer structure
by absorbed water as described above. The lower critical H 20 content of Nylatron
is presumably due to the presence of the molybdenum disulphide filler, since










Nylon 6,6, in addition to a small amount of fibrous fracture, loses materials
in a brittle fashion (see Fig. 7.46(a)). A close-up view of a crack leading to
formation of a chip is shown in Fig 7.46(b). Nylatron is more like Flurodur in
its mode of erosion than its counterpart. Some brittle cracking is evident in
Fig. 7.46(c) but the predominant failure mode is the same as that of Flurodur .
Fig. 7.46(d) shows a fractured fibre and exposed fibril ends as a result of axial
splitting. This difference in fracture modes between Nylon 6,6 and Nylatron is
probably a further effect of the MoS 2 filler in the latter polymer.
The erosion resistances of the nylons, relative to the range of materials is
good. However, within the polymer group (on the basis of Resilience No. ) one
would have expected the nylons to be much more resistant than Flurodur. This is
considered to be due, partly, to the effect of water on these materials and also




















Polyacetal ("Delrin")a homopolymer of formaldelhyde, is a linear polymer
very similar in structure to polyethylene (see Fig. 7.47), the difference being
that every alternate carbon atom is replaced by an oxygen atom.
Fig. 7.47 Structure of Polyacetal 'Delrin'
The 'backbone' C-0 bond in polyacetal is shorter than the C-C bond in polyethylene
and hence polyacetal is a closer packed, more dense polymer with substantially
higher tensile strength than Flurodur. Some intermolecular attraction due to
hydrogen bonding and dipole interaction will occur,although it will be far
weaker than that in the nylons. Polyacetal has a T G of -73
°
C and like the other
linear polymers discussed above, is highly crystalline (capable of up to 80%
crystallinity when quenched from 160
°
C).
Again if strength properties were a criterion for erosion resistance, Polyacetal
would be far more resistant than Flurodur. But the erosion results show the order
to be quite the reverse of the expected. This is considered to be due to a low
elongation to fracture (see Table 7.13) which is reflected in the mode of erosion.
Figs. 7.48(a) to (c) show that material is lost in chips of 40um or more in size.
The erosion mode is different to that of Nylon 6,6 in that the fracture surface
does not have 'brittle facets'. Also the size of the particles lost from
polyacetal are much bigger than those in Nylon 6,6 (compare Fig. 7.46(a) and
Fig. 7.48(a)).
The incubation period shown by Poiyacetal is not understood. Although this
polymer absorbs water (-0,5% at 30% relative humidity) the moisture content does
not appear to influence the mechanical properties of the material. However it





















A further set of polymer specimens were investigated which were all based on
polytetrafluroethylene (PTFE or Teflon). The PTFE is, again, a linear polymer
free from any significant amount of chain branching(see Fig. 7.49).
Fig. 7.49 Structure of PTFE (Ref.122)
Due to steric hindrance between the large fluorine atoms (larger than hydrogen)
PTFE cannot form a planar zig-zag structure like polyethylene and instead takes
up a spiral zig-zag configuration. It is capable of a high degree of crystallinity
(up to 94%),but because of the high strength of the C-F bond there is little
intermolecular attraction between the chains and thus the polymer does not have a
high rigidity or tensile strength (resilience No.). There is a direct relationship
between specific gravity and percentage crystallinity for Teflon (125), and since
the pure PTFE sample tested in this work had an SG of 2,13 it should have had a
crystallinity of about 50%.
The erosion results indicate that pure PTFE and PTFE plus various fillers have
very poor resistance to cavitation which is attributable to the low tensile
strengths and hence low resiliences of these materials (ø u-20MPa).
The mechanisms of erosion of these polymers are shown in the micrographs in
Fig. 7.50(a) to (d). Unlike the other polymers PTFE does not fracture in a fibrous
manner and instead massive deformation occurs which results in the formation of
deep holes in the surface. Moreover the detrimental influence of filler particles
can be observed in Figs. 7.50(b) and (c). Material removal is initiated at the
filler/polymer interface - a nucleation mechanism which has been observed so




















7.2 GENERAL C0NSIDERATI0N 0F ER0SI0N RESISTANT MATERIALS 
The discussion so far has been concerned with explanations of the relative
performances of the individual materials. However, it is also important to assess
the information gained from this work and to consider in more detail those material
properties which in general lead to a high erosion resistance. Such information can
be used to improve existing materials and also as a guide in the development of new,
more resistant alloys and polymers.
Clearly a number of the alloys and polymers should not be used in erosive
environments, namely, ferritic stainless steels, PTFE and PTFE plus various fillers,
Monet 400, Incalloy 825 and 316 stainless steel. SG80 cast iron should be included
in this list,but because of its good castability and low cost it will continue to
be used regardless of its very low erosion resistance. 0f the remaining alloys and
polymers obviously those with a high resistance are important but, of particular
interest are those few materials which do not conform to the relationships
between erosion resistance and strength properties. An understanding of the
reasons for these favourable deviations from the general trend would be of great
value.
Erosion involves micro-fracture of materials and therefore those properties
which relate to fracture will also determine erosion resistance. The important
properties are :
1. Yield strength (ø )
2. Rate of work hardening (WHR).
3. Strain to plastic instability (a u )
Yield strength is important since alloys do not fail by bulk material removal but
rather by loss of small volumes of material from asperities or surface irregularities
formed as a result of plastic deformation. Plastic deformation may occur by one or
more processes, namely, planar or wavy slip of dislocations, twinning or a stress
induced phase transformation. The surface defects produced by these processes
include massive ductile craters with lips, protruding grain boundaries and twin
and phase boundary steps. Material is readily removed from these surface lips and
steps since the cross-section areas exposed to the impact pressures of cavitation
are small.
Despite the many estimates of collapse pressures which have been made (see
Chapter 2, section 2.1 ) the knowledge that high strength alloys with yield stresses
of up to 1000MPa are damaged indicates that the impacting stresses are somewhat
higher than 1000MPa. Erosion problems cannot be overcome by using high strength
materials since they have low toughness, that is, they are sensitive to surface
flaws and prone to brittle fracture. As a result these very high strength materials
have limited erosion resistance and moreover they have limited practical application












Since the formation of surface steps and irregularities is unavoidable the
two properties controlling deformation, that is, the work hardening rate (WHR) and
the strain to plastic instability (C u ), are also important parameters in determining
erosion resistance. Moreover it can be shown that the work hardening exponent (n)
is directly proportional to the true strain to instability (see Appendix 7.4), and
since the work hardening rate and n are in turn directly related (according to
eqn. 5 appendix 7.4) it follows that a high WHR results in a correspondingly
high value of E u . Clearly a high work hardening rate and a high strain to
instability are both desirable for erosion resistance and the exceptional or
anomolous resistances of alloys such as the Stellites, NiTi, 304 stainless steel
and Hadfield's steel are a consequence of a high WHR. In the former three alloys
a phase transformation is responsible for this high work hardening rate.
The controversial material phenomena of phase transformations have been mentioned
many times in this discussion and quite obviously these structural changes play an
important role in determining the erosion resistance of several alloys. A phase
transition is a mechanism of producing obstacles to plastic deformation processes
thereby influencing the work hardening rate and, as mentioned above, a high work
hardening rate results in a high strain to instability. A phase transformation
can also absorb varying amounts of strain (depending on the material) without
any associated strain hardening. Clearly such a mechanism increases the number
of loading cycles to fracture and therefore contributes towards the erosion
resistance of a transformable material.
The extremely high erosion resistance of the Stellite alloys is a combined
effect of a high yield stress, a high work hardening rate and an associated high
strain to instability (of the cobalt rich solid solution phase). The mechanism
responsible for the high WHR is complex and is not fully understood as yet. Work
on other cobalt based alloys has shown that the stress induced improvement in
mechanical properties of cobalt solid solution alloys is related to the
occurrence of mechanical twinning and the a-•-E transition (118,119). In Co-Ni-
Cr-Mo alloys it has been found that maximum 
Cu
 and WHR are obtained by ensuring
that:
(a) plastic deformation proceeds mostly by twinning and
(b) not more than 10% E - HCP phase is formed.
The mechanism of resistance of NiTi is also related to a martensitic type
phase transformation. This alloy can absorb 7% reversible strain with no
associated work hardening through the transition and also by reorientation or
growth of existing martensite. In addition, at strains greater than 7% rapid
work hardening occurs. These properties are evident in the stress-strain curve











properties,the ability to absorb strain and the high WHR at E > 7%
result in an erosion resistance equivalent to that of the Stellites.
Fig. 7.51 A schematic representation of the stress-strain curves of NiTi,
AISI 304 and AISI 316.
The austenitic stainless steels,AISI 304 and 3l6 , are another example of
the effect of a phase transformation on the erosion resistance of alloys. The
erosion tests showed AISI 304 to be more resistant than AISI 316. The higher
resistance of the former alloy is related to the y + E + a' transition. This
results in higher WHR and eu values than AISI 316, as is evident in Fig. 7.51,
and hence a better erosion resistance. Furthermore, according to Pickering (97),
for metastable stainless steels,the maximum work hardening rate and maximum strain
to instability are obtained by ensuring that:
(a) no martensite is present prior to straining as the presence of this
transformation product increases the flow stress level relative to the
work hardening rate and also decreases the optimum strain value.











straining process so that the high work-hardening rate gives rise to a
high strain to plastic instability.
The anomalous erosion resistance of Hadfield's steel is also due to a high
work hardening rate. However, in this case, the high WHR is not due to a phase
transformation. Instead, Dastur and Leslie (102) consider it to be the result
of dynamic strain ageing.
Although the mechanism of resistance is the same for all the 'anomalous'
alloys, that is, a high work hardening rate, the indirect cause of this property can
be one of a number of possible mechanisms. Furthermore, these mechanisms generally
require a low stacking fault energy which, in turn, is a function of alloying
element content. A SFE of 10 to 20 mJ/m 2 appears to be the optimum for austenitic
stainless steels and cobalt based alloys.
The performance of the cobalt based tungsten carbides is also influenced by
the a e phase transition except, in this case, it appears to be detrimental to
the erosion resistance of these materials. The reduction in volume associated
with the transition increases the tensile stress across the matrix-carbide
interface which promotes debonding between the matrix and carbide phases.
In contrast the erosion resistances of alloys such as the heat treated steels,
nickel based cemented carbides and the other non-transformable alloys are purely
a function of the yield stresses of the homogeneous martensite, binder phases and
solid solution phases respectively. The cavitation stresses exceed the yield
stresses of these materials, plastic deformation occurs and material is lost by
ductile fracture of twin and grain boundary surface steps and by ductile failure
of lips of cratersin high SFE alloys.
In general,second phase particles cause a reduction in erosion resistance
whether the material be a high strength (e.g. Stellite 20) or a low strength
material (e.g. PTFE + fillers). This is due to the high interfacial stresses
caused by the elastic and plastic mismatches of the dissimilar phases. 0nly
when the carbide phase forms a very fine, intimate network, such as in Stellite 3,
is the carbide phase of any benefit to the material,since in this form it retards
crack propagation.
The work on polymers has shown that, as in the case of metals, no simple
relation between erosion resistance and mechanical properties exists for polymeric
materials. Again a knowledge of the microstructure of polymers is necessary to
understand their erosion performance. Also there is the additional complication
in some polymers of the influence of absorbed water on mechanical properties.
Most polymers deform in a viscoelastic manner under load and this response
can be modelled by a system of springs and dashpots. The displacement (y) per
unit time of viscoelastic materials is a complex combination of elastic, anelastic










Clearly erosion resistant polymers, in general, will have large, recoverable
elastic and anelastic components and a low irrecoverable viscous component.
However, the polymers tested in this study were all crystalline polymers for
which the elastic term, y i is the major term in equation 7.3 (viscosities are
high therefore 12 and y3 are small). Hence y2 and y3 can be ignored and total
displacement is given by:
0ne would anticipate a relationship between erosion resistance and yield strength
for these materials. But the high strain rates of cavitation and the effect of
absorbed water modify the expected relationship.
Clearly the response of polymers to cavitation is complex and,on the basis
of the findings of this limited study, it is impossible to state which specific
material parameters control erosion resistance. However, in general, it would
appear that a high yield strength and a high strain to fracture are necessary
for resistance. 0n the other hand, sensitivity to strain rates and absorbed
water,as in the case of the nylons,are a distinct disadvantage.
The various materials investigated in this project together with the




















7.3 C0NCLUSI0NS - SPECIFICATI0NS F0R THE 0PTIMUM MATERIAL 
This study has revealed a number of material properties which control
resistance to erosion and these are specified below. Although practical
constraints determine ultimately what material is most suitable for a
particular application, these specifications are guides for material selection
and erosion resistant material design. An alloy to be used in an erosive
environment should have as many of the following properties as possible :
I. A high yield stress.
2. A high work hardening rate and resultant high 
Cu
 (induced by phase
transformation, twinning,dynamic strain ageing).
3. A low stacking fault energy to ensure phase transformation and twinning.
4. A ductile erosion mechanism.
5. A low notch/strain rate sensitivity
6. No second phase particles or erosion initiating sites in surfaces exposed
to cavitation.
A polymer (crystalflne) with a high erosion resistance will have :
I. A high yield stress ( high resilience)
2. A high cf .
3. No filler particles.
The material science, structure-property approach adopted in this work confirms
once again that the general selection of materials for applications involving
wear or erosion cannot be based on a bulk property without a simultaneous











SUMMARY 0F FINDINGS AND GENERAL C0NCLUSI0NS 
The main objectives of this study were (i) to establish whether oil-in-water
emulsions suppressed cavitation erosion and if so to determine which emulsion type
or group of emulsions reduced erosion the most, and (ii) to determine which
materials or group of materials have the highest resistance to erosion.
The investigations into the effect of temperature of the medium and the
effect of separation distance on cavitation erosion were of secondary importance.
In addition efforts were made to elucidate the modes of erosion and the mechanisms
of erosion resistance of the various materials. Explanations have been proposed
for the performances of materials and also for the influence of oil-in-water
emulsions on cavitation erosion. The findings of this work are as follows:-
1. A separation distance of 0,35mm between test piece and drill tip results in
maximum erosion of pure iron.
2. The erosion of Are iron in distilled water and in 5:95 oil-in-water emulsions
shows a broad maximum for medium temperatures of -40
°
C.
3. In general erosion rates in oil-in-water emulsions are lower than those in
water, but higher than those in mineral oil. In addition emulsions with a
high mineral oil content suppress cavitation more than do low oil content and
synthetic emulsions. The effect of oil content may be due to either the
formation of a thin oil film on the metal surface which prevents nucleation of
surface cavities or to the cushioning of cavity collapse as a result of a high
dissolved air content or possibly a combined effect of the two mechanisms.
4. Nickel based cemented carbides and the shape memory alloy NiTi are as erosion
resistant as the Stellite alloys which, as a group, were the most erosion
resistant materials tested in this work.
5. Flurodur or ultra high density polyethylene has a very high erosion resistance -
equivalent to that of hardened and lightly tempered low and high alloy steels
which, in turn, follow the Stellite alloys in order of erosion resistance.
6. Nylons are also highly resistant to cavitation but deteriorate rapidly on
absorbing a small amount of water. The critical contents are -2,0% for Nylon 6,6











7. High stacking fault energy and notch or strain rate sensitive alloys have
very poor resistance to cavitation. Also polymers having a low tensile
strength perform very poorly when exposed to cavitation.
8. Second phase particles in alloys and fillers in polymers provide initiating
sites for erosion (at the interface). Furthermore elastic modulus differences
assist cracking at the interface.
9. Stress induced phase transformations improve alloy performance by causing
rapid increases in mechanical properties such as flow stress, work hardening
rate and strain to fracture. The best example of the influence of a shear
transformation is in the shape memory alloy NiTi which has a hardness of
HV200 but an erosion resistance equal to that of the Stellites.
10. Materials for use in erosive environments should have as many of the following
properties as possible:-
(i) Alloys 
(a) A high flow stress
(b) A high work hardening rate
(c) High strain to fracture
(d) A low stacking fault energy
(e) A ductile erosion mechanism
(f) A low notch and/or strain rate sensitivity
(g) No second phase particles
(ii) Polymers 
(a) A high yield stress
(b) A high elongation to fracture
(c) No filler particles.
The findings of this work must apply, not only to erosion by cavitation,
but also to degradation of materials by other high strain rate wear mechanisms,












ADDITI0NAL INF0RMATI0N 0N P0WER ULTRAS0NICS ( Ref. 83,84) 
1. AMPLIFICATI0N FACT0R 0F DRILL H0RNS 
The amplitude transformation of exponential couplers (horns) is given by the
ratio of the end diameters (D/d). In the case of the KLN Ultrasonic drills used
in this project D 38mm and d 11mm; therefore the transformation ratio is
3,45. Providing the ratio is approximately three, the exponential shape can be
approximated to a linear form which simplifies fabrication of the component.
2. MATCHING THE W0RKING TIP T0 THE DRILL H0RN 
The length of a drill horn can be calculated, if the ratio of the end
diameters is known, from the equation :
The theoretical length of a horn for the KLN equipment is 11,556cm. However,
the horn is cut back to allow for the attachment of a working tip and the actual
length of the exponential horn of the KLN drill is 11,0cm. This means the allowed
working tip length is about 0,6cm.
The suitability of an alloy as a tip material depends on its sound velocity.
The optimum sound speed of a working tip material is, in turn, a function of the
sound speed of the horn material and of the dimensions of the working tip and











Appendix 4.1 Con't ...
A material with a C value close to this is Ti318 (C = 4,9 x 10 5 cm/sec) and it
is thus a suitable material for the working tips. Furthermore Ti318 transmits
high energy vibrations very efficiently, the transmitting efficiency of a material
being a function of its fatigue strength, F, density, p, and sound velocity, C.
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THE INFLUENCE OF EXTERNAL VARIABLES AND MICROSTRUCTURE
ON THE CAVITATION EROSION OF MATERIALS
C.J. Heathcock*, B.E. Protheroe**, and A. Ball*
*Dept. of Metallurgy 8 Materials Science,
University of Cape Town, Rondebosch, 7700, R.S.A.
**Mining Technology Laboratory, Chamber of Mines of South Africa,
Johannesburg, 2000, R.S.A.
Parameters affecting acoustic cavitation have been studied by eroding
pure iron by means of a laboratory apparatus. A separation distance of 0,35
mm between the test piece and source of cavitation and also a liquid medium
temperature of 35
°
C give rise of maximum erosion rates. Aeration of, and the
addition of suspended solids, to the test medium, do not affect the intensity
of cavitation, However, the presence of certain water soluble oils in the
test liquid reduces the rate of erosion.
A range of materials has been tested under 'standard' conditions and
optical and electron microscopy (S.E.M.) of the damaged surfaces has revealed
several distinct erosion mechanisms. These are used as a basis for classi-
fication of materials. Erosion resistance can be correlated with certain
mechanical properties for materials with a common mechanism of erosion.
INTRODUCTION 	which could be incorporated into an industrial
system.
Cavitation is prevalent in hydraulic
systems and causes rapid loss of material from The selection of material, as a cost-
pump components and valves. In recent years effective method of avoiding cavitation
users of hydraulic systems have changed to erosion, requires the establishment of a
water based hydraulic fluids (57, oil/water correlation between erosion rate, and a con-
emulsions), due to rising costs, and also to  ventional mechanical property such as hard-
eliminate the hazards associated with pipe ness. This has been the objective of numer-
bursts when using mineral hydraulic oils. .ous projects. Reliable relationships have
These low viscosity water based fluids are not been obtained, and our work (3) on mat-
less resistant to cavity formation, and se- erials of widely varying properties, micro-
vere erosion of hydraulic components is fre- structure, and chemical composition, has
given some insight into the controllingquently experienced. The present work, has
properties. It will be seen that materialbeen undertaken with a view to alleviating
loss occurs by several mechanisms and corre-these problems.
lotions between erosion properties and macro-
The vibratory cavitation apparatus is mechanical properties will only be expected
a well established laboratory method of for materials undergoing a given type of
studying the effects of various parameters on erosion. It should now be possible to design
cavitation. In most reported studies the an erosion resistant microstructure.
test piece has had the form of a tip, which is
attached to the end of the vibrating horn but
EQUIPMENT AND EXPERIMENTAL PROCEDURES more recently (1,2), in order to eliminate
fatigue damage, the specimen is located below
Industrial ultrasonic drills have beenthehorn tip. The rate of erosion has been
used to generate controlled cavitation damage.found to be a function of the separation dis-
tance between specimen and drill tip. This These drills operate at a frequency of 20kHz
parameter was therefore investigated initially while the high frequency current outputs were
in order to obtain standard conditions. The adjusted to give vibratory amplitudes of 71pm
characteristics of the liquid medium which and 75pm respectively. The amplitude was
dpertain to practical conditions such as temp- etermined optically and an electrical trans-
derature, degree of aeration and suspended ucer was used for continuous monitoring.
solids were researched systematically, with The vibratory cavitation apparatus (Fig.1)
a view to determining any beneficial effects allows for the easy removal and accurate
replacement of the test piece and the setting
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